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CXXVII. — A71   Improved   Form  of  Apparatus  for  the 
Rapid  Estimation  of  Sulphates  and  Salts  of  Barium. 

By  William  Robert  Lang  and  Thos.  Boles  Allen. 

N.  Takugi  and  G.  Bianchi  {Gazzetla,  1906,  36,  i,  347)  describe  an 
apparatus  for  the  mpid  and  exact  estimation  of  sulphates  and  salts  of 
barium  by  a  volumetric  method  based  on  the  rapid  clearing  of  turbid 
solutions  in  narrow  tubes.    (For  a  short  description  of  their  apparatus 
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see  Abstr.,  1906,  90,  ii,  627.)  The  authors  havo  modified  thiiN 
apparatus  materially  ;  the  following  short  description  and  <1iagram  will 
serve  to  explain  it. 

The  vessel,  /I,  containing:  the  acidified  sul[>hiite  is  placed  on  a  flat 
burner,  the  approximate  amount  uf  barium  chloride  solution,  a^'or- 
tained  by  previous  rou((h  experiments,  run  directly  into  the  tlask,  the 
8top|)er,  0,  with  its  attachments,  insertiMl,  and  the  contents  kept  at  the 
boiling  point.  FF  is  a  T-tube,  on  t\u'  brancli,  O,  of  which  is  tix^-d  a 
small  piece  of  rubbor  tubing  with  a  ])inchc()('k,  at  tiiis  stage  of  the 
experiment  left  o{)en  ti»  the  air.  y  is  a  small  thistle-shaped  tulh* 
filled  with  glass-wool  which  is  found  niatorially  to  chsir  tlio  tuil)i«l 
solution  as  it  passes  up  to  the  narrow  tube.    The  pinchcock,  //,  is  then 
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These  results  are  some  of  a  number  of  determinations,  and  they 
show  that,  if  suitable  conditions  are  obtained,  tlie  results  give 
excellent  agreement  with  the'  theoretical.  The  conditions  are,  first, 
that  the  Fehling's  soluti(»u  should  be  added  to  the  boiling  liquid  to 
within  1  c.c.  of  the  correct  amount,  this  being  obtained  by  previous 
rough  titrations ;  secondly,  that  the  strength  of  the  sucrose  in  the 
flask  should  not  be  more  than  0-15  gram  in  from  75 — 100  c.c.  of 
water,  and  thirdly,  that  the  time  of  heating  should  not  bo  more  than 
from  live  to  eight  minutes. 

Chemical  Labor atouy, 

Univeusity  of  Tokostu. 
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A  Benzene  Model  on  One  Plane  for 
Lecture  Purposes. 


W.  R.  Ling. 


[Rrprintrd  prom  the  Journal  op  the  American  Chemical  Society 

Vol.  XXIX,  No.  6.  June.  1907.] 

A  Benzene  Model,  on  One  Plane,  for  Lecture  Purposes,  — This  model 
is  intended  as  an  aid  to  teachers  in  explaining  the  theory  of  the  consti- 
tution of  benzene.  Any  theory  regarding  its  constitution  must  account 
for  and  explain  the  behavior  of  benzene  towards  reagents  and  its  power 
of  forming  derivatives.  In  the  aliphatic  series  it  is  usual  to  represent 
the  hydrocarbons  graphically  with  the  carbon  and  hydrogen  atoms  ar- 
ranged as  in  an  open  chain.  The  model  held  as  in  Fig.  i  would  thus 
represent  benzene,  showing  eight  unsatisfied  affinities. 


Fig.  I. 


But  the  following  summarized  characteristics  of  this  body  cannot  be 
reconciled  with  such  an  open  chain  representation,  namely  : 

(a)'  That  each  of  its  hydrogen  atoms  bears  the  same  relation  to  the 
molecule,  as  is  evident  by  the  non-existence  of  isomeric  mono-substitu- 
tion compounds. 


NOTES 
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(t)  The  formation  of  benzene  as  a  constant  product  of  the  decompo- 
sition of  the  other  members  of  the  aromatic  series. 

(c)  The  formation  of  hexa-additive  compounds  (and  no  more)  and 
the  ready  breaking  up  of  these  into  a  tri- substitution  product. 

(d)  The  formation  of  three  di-substitution  products, 
(r)  The  evident  '*  saturated  "  nature  of  benzene. 

It  is  clear  from  (r)  that  there  can  be  only  six  unsatisfied  affinities,  so, 
if  the  model  is  bent  round  to  form  a  circle,  as  in  Fig.  2,  thus  linking 
the  first  carbon  atom  to  the  last,  the  number  of  unsatisfied  affinities  is 
shown  as  being  reduced  to  six,  and,  in  addition,  each  carbon  and  hydro- 
gen atom  is  represented  as  bearing  the  same  relation  to  the  molecule, 
all  being  similarly  linked. 


PIG.   2 


But  the  fourth  valence  of  the  carbon  atoms  still  appears  as  unoccu- 
pied ;  these  may  be  represented  as  acting  towards  the  centre — as  in  the 
Armstrong- Baeyer  formula,  or  the  diagonally  opposite  atoms  may  be 
linked  together  (Claus)  ;  figure  3.  If  this  is  done,  the  model  will  then 
represent  an  exceedingly  stable  molecule. 


FIO.  3 


Small  spiral  springs  are  used  in  the  interior  of  the  **  ring,"  to  permit 
of  the  rapid  and  secure   fastening  together  of  the  diagonally  opposite 


944  NOTE 

Unkings  in  the  last  position.  The  model  can  readily  be  constructed  from 
a  flexible  brass  band  1-2  cms.  wide,  with  stiff  wires  soldered  through 
holes  in  the  rim,  while  corks  of  different  colors  serve  admirably  for  the 
cirbon  and  hydrogen  atoms.  It  is,  however,  obtainable  from  Messrs. 
Baird  and  Tatlock,  London,  E.  C.  W.  R.  Lang. 

Chemical  I«aboratosy, 
University  of  Toronto. 
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THE  EFFECT    OF    ACETONE    ON    THE    TRANSPORT 

NUMBERS    OF   SODIUM    AND    POTASSIUM 

CHLORIDES  IN  AQUEOUS  SOLUTION 


BV  HENRY  F.  LEWIS 

The  migration  of  a  number  of  salts  has  been  studied  in 
solutions  in  alcohol,  glycerine,  methyl  alcohol,  etc.,  and  in 
every  case  the  transport  number  was  foimd  to  be  within  a 
few  percent  of  that  in  pure  water.  Salts  dissolved  in  mix- 
tures of  alcohol  and  water  have  also  been  studied  from  this 
point  of  view  with  the  same  result.'  The  following  experi- 
ments which  show  that  the  ratio  «/k  for  the  Ions  of  potassium 
chloride  and  sodium  chloride  in  aqueous  solution  is  more  than 
halved  by  addition  of  acetone  are  therefore  of  considerable 
interest,  and  must  be  taken  into  account  in  all  attempts  to 
interpret  the  electrical  conductivities  of  these  solutions. 
The  Apparatus 

The  apparatus  with  which  I  worked  is  not  adapted  to 
give  results  of  a  very  high  order  of  accuracy; 
as  will  be  seen  from  the  table  the  results  of 
individual  experiments  differed  by  as  much* 
as  4  units  in  the  second  decimal  place.  The 
accuracy  was,  however,  sufficient  for  the  pur- 
pose in  view,  which  was  to  make  sure  that 
the  transport  numlicr  is  really  affected  by  the  t^ 
presence  of  acetone;  and  as  the  apparatus  is 
easily  put  together,  and  determinations  may 
be  made  with  it  rapidly,  I  have  thought  it 
worthy  of  being  described,  and  have  detailed 
a  number  of  test  experrments  made  with  it 
which  show  that  the  results  of  my  measure- 
ments were  not  affected  by  errors  due  to  diffu- 
«on  or  mixing. 


>  An   index  to  tbe  literature  of  migration 

determinations  in   sotvents 
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About  200  cc  of  solution  were  used  in  each  experiment. 
The  U-tube  was  filled  by  suction,  and  the  pinch-cock  closed; 
the  electrodes  were  then  inserted,  and  connected  with  a  silver 
voltameter  and  the  source  of  current.  In  one  experiment 
a  Weston  millammeter  was  used  as  well  as  the  voltameter; 
readings  were  made  at  one  minute  intervals  during  the  hour 
and  a  half  that  the  electrolysis  lasted,  and  the  number  of 
coulombs  so  obtained  agreed  within  0.5  percent  with  that 
given  by  the  voltameter. 

When  the  electrolysis  was  at  an  end,  about  12  cc  were 
withdrawn  for  analysis  from  the  tube  m  (*' middle  portion"). 
The  pinch-cock  on  m  was  then  slightly  opened,  and  the  liquid 
in  the  U-tube  allowed  to  run  slowly  into  the  electrode  tubes, 
the  U-tube  being  raised  so  that  it  never  dipped  deeply  into 
the  liquids  in  the  electrode  tubes;  the  cathode  was  removed 
and  rinsed  into  the  cathode  tube  with  a  little  unelectrolyzed 
solution;  these  solutions  were  then  removed,  cooled,  and 
analyzed. 

Thus  the  anode  and  cathode  portions  were  easily  sep- 
arated without  the  use  of  diaphragms  or  taps;  the  legs  of  the 
U-tube  were  rinsed  out  with  the  unaltered  middle  portion 
of  the  electrolyte;  a  middle  portion  was  readily  obtained  for 
analysis,  and  gas  bubbles  or  changes  in*  density  at  the  elec- 
trodes could  not  produce  harmful  stirring. 

The  following  experiments  were  made  to  test  the  re- 
liability of  the  apparatus;  a  decinormal  solution  of  sodium 
chloride  in  50  percent  acetone  was  used. 

1.  Diffusion  of  Alkali  from  the  Cathode, — A  little  litmus 
was  added  to  the  solution  and  turned  pink  by  a  trace  of  acid. 
After  electrolyzing  for  an  hour  and  a  half  the  blue  zone  at  the 
cathode  extended  less  than  a  centimeter  into  the  upright 
tube. 

2.  Diffusion  of  Acid  from  the  Anode. — Methyl  orange 
and  a  little  alkali  added  to  the  electrolyte  gave  a  yellow 
solution  which  after  a  quarter  of  an  hour  was  quite  red  at 
the  anode.     In  another  hour  the  solution  in  the  anode  glass 
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was  bleached,  the  red  remained  in  the  upright  tube  about  a 
centimeter  above  the  liquid  in  the  glass. 

3.  Diffusion  of  Chlorine. — Indigo  added  to  the  electrolyte 
was  bleached  at  the  anode,  but  at  the  end  of  an  hour  and  a 
quarter  the  bleaching  had  not  extended  appreciably  into  the 
upright  tube. 

4.  Evaporation  of  Acetone  from  the  Electrode  Glasses.^A 
tube  was  set  up  in  the  usual  manner,  but  no  electricity,  was 
passed  through.  A  Bunsen  burner  was  set  near  the  apparatus 
so  that  it  might  be  as  warm  as  during  an  electrolysis.  After 
two  hours  the  liquid  was  removed  from  one  side,  made  up  to 
100  cc,  and  analyzed  in  the  usual  way;  93. 18  cc  of  the  silver 
solution  were  required  instead  of  92,74  cc. 

The  Method  of  Analysis 

Fifty  cc  of  the  unelectrolyzed  solution,  or  10  cc  of  the  middle 
portion,  were  evaporated  to  dryness  on  the  waterbath  to  re- 
move acetone;  the  residue  was  dissolved  in  water,  i  cc  of 
a  neutral  solution  of  potassium  chromate  added,  and  the 
chlorine  determined  by  dccinormal  silver  nitrate.  The  cath- 
ode solution  after  electrolysis  was  made  up  to  100  cc  with 
unelectrolyzed  solution  and  evaporated  as  before;  the  al- 
kali was  then  neutralized  with  decinormal  sulphuric  acid, 
using  methyl  orange  as  indicator,  and  before  titrating  with 
silver  a  drop  of  decinormal  alkali  was  added  to  restore  the 
yellow  color.  Blank  analyses  showed  that  the  method  was 
reliable. 

The  chlorides  and  the  acetone  were  C,   P.   preparations 
of  Merck;  all  measuring  vessels  and  burettes  were  calibrated. 
Results  of  the  Measurements 

All  the  solutions  experimented  with  were  approximately 
decinormal  with  respect  to  the  salt.  The  first  column  of  the 
table  gives  the  parts  by  volume  of  acetone  in  one  of  the  so- 
lution. The  second,  the  weight  of  silver  (W)  deposited  in  the 
voltameter.  The  third,  the  duration  of  the  electrolysis  in 
minutes.  The  fourth,  the  amount  of  decinormal  silver  nitrate 
required  to  precipitate  the  chlorine  in  100  cc  of  the  unelectro- 
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lyzed  solution;  and  the  fifth,  the  silver  required  by  the  100  cc 
of  solution  obtained  by  adding  unelectrolyzed  solution  to  the 
cathode  solution  as  explained  on  page  571.  Column  six  gives 
the  difference  between  the  last  two,  that  is,  the  loss  (L)  of 
chlorine  from  the  cathode  compartment.  The  seventh  column 
gives  the  loss  or  gain  in  the  10  cc  middle  portion,  expressed 
as  cubic  centimeters  of  the  decinormal  silver.  The  last  column 
gives  the  transport  number  (H)  of  the  chlorine,  computed 
by  the  formula 

H  =  0.0108  L/W. 

When  two  tubes  were  electrolyzed  in  series  with  the 
same  solution  in  each,  the  numbers  in  the  first  four  columns 
are  the  same  for  each,  and  are  not  repeated  in  the  table.  The 
fourth  and  twelfth  electrolyses  in  the  KCl  series  were  carried 
out  in  series  with  each  other;  likewise  the  fifth  and  ninth. 

These  results  show  clearly  that  the  transport  nimibers  of 
the  salts  investigated  are  much  lower  in  solutions  containing 
acetone  than  in  pure  water,  although  they  do  not  agree  well 
enough  among  themselves  to  fix  definitely  the  amount  of  the 
decrease. 

In  conclusion,  I  desire  to  express  my  thanks  to  Professor 
W.  Lash  Miller  at  whose  suggestion  these  measurements  were 
undertaken  in  the  Spring  of  1906,  and  to  the  authorities  of  the 
University  of  Toronto  for  the  use  of  the  electrochemical 
laboratory. 

The  University  of  Toronto, 
May,  1907, 
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[Mechanism  of  the  Aoetacetlo  Ester  Synthesis.    L] 

THE  CONDENSATION   OF   ACETONE   WITH   OXALIC 

ESTER 


BY   ROBT.    H.    CLARK 

Acetacetic  ester  was  first  prepared  by  Geuther,*  in  1863, 
by  the  action  of  metallic  sodium  on  ethyl  acetate.  It  has 
since  become  one  of  the  most  important  agents  in  organic 
synthesis;  even  in  1898  the  bibliography  of  the  ester  and  its 
derivatives,  published  by  the  Smithsonian  Institution,  occu- 
pied 148  pages. 

Twenty-five  years  after  Geuther's  discovery,  W.  Wis- 
licenus  and  L.  Claisen  showed  that  a  large  class  of  substances, 
chemically  analogous  to  acetacetic  ester,  could  be  prepared 
by  the  action  of  metallic  sodium  or  of  sodium  ethylate  on 
esters,  mixtures  of  esters,  or  mixtures  of  esters  with  ketones. 
They  thus,  in  a  sense,  generalized  Geuther's  reaction;  and 
their  work  has  proved  of  the  ver>^  greatest  importance  to 
chemistry,  both  pure  and  applied. 

These  discoveries  led  Claisen  to  a  new  theory  of  the 
formation  of  acetacetic  ester;  or,  to  be  more  accurate,  it  was 
the  desire  to  put  his  new  theory  to  the  test  that  led  to  his  ex- 
perimental discoveries. 

Kolbe,'  and  after  him  v.  Baeyer,'  explained  the  forma- 
tion of  acetacetic  ester  from  ethyl  acetate  by  assuming  the 
primary  formation  of  a  sodium-  or  disodium-acetic  ester, 
CH,Na.COOEt,  or  CHNa^.COOIvt;  and  this  theory  in  Baeyer's 
hands  led  to  the  synthesis  of  phloroglucin  from  sodium  malonic 
ester,  a  most  important  step  in  his  classical  work  on  the  con- 
stitution of  benzene. 

Claisen*  rejected  this  view,  and  suggested  in  its  ])lace 
that  Geuther's  reaction  is  due  not   to  the  direct  action  of 

*  Gottingcr  Anzcigen,  1863,  2S1. 
'  Zeit.  f.  Chem.,  10,  637  (1867). 

*  Bcr.  chem.  Ges.  Berlin,  18,  3460  (1885). 

*  Ibid.,  ao,  651  (1887). 
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sodium,  but  to  that  of  soditim  ethylatc,  which  forms  an 
addition  product  with  the  ethyl  acetate;  and  that  this  re- 
acts with  more  of  the  ethyl  acetate  to  form  acetacetic  ester, 
thus: 

CH,.COOEt  +  EtONa  =  CH,.C(ONa)  (OEt),. 
CHj.C(ONa)(OEt),  +  CH,.COOEt  =  CH,.C(ONa) :  CH.COOEt  + 
zEtOH. 

This  theory  of  Claisen's  has  been  generally  accepted, 
but  ever  since  its  first  appearance  it  has  been  attacked  by 
Michael;  the  controversy  between  these  two  chemists  on  this 
subject  has  not  even  now  come  to  a  conclusion,  and  an  im- 
portant review  of  the  argument  by  the  latter  has  recently 
been  published,' 

Michael's  principal  argument  against  Claisen's  views  is 
based  on  the  fact  that  while  metallic  sodium  acts  readily 
on  ethyl  acetate  and  gives  a  good  yield  of  acetacetic  ester, 
sodium  ethylate  acts  only  at  high  temperatures,  and  gives  a 
poor  yield.  The  fact  that  "absolute"  ethyl  acetate,  from 
which  the  last  traces  of  alcohol  (that  could  serve  to  make 
sodium  ethylate)  have  been  removed,  will  not  act  with  sodium 
at  all,  he  classes  with  the  numerous  reactions  that  will  not 
take  place  unless  in  presence  of  a  trace  of  water— that  be- 
tween sulphuric  acid  and  metals,  for  instance,  And  Claisen's 
" experimentum  crucis,"  viz.,  that  isobutyric  ester  forms  no 
condensation  product  analogous  to  acetacetic  ester,  he  ex- 
plains on  grounds  of  his  own. 

Claiscn,  in  reply,  deals  at  length  with  the  action  of  metallic 
sodium  on  ethyl  acetate,  pointing  out  that  if  merely  a  trace 
of  alcohol  be  present  the  reaction  begins  slowly,  and  that 
the  rate  increases  as  the  reaction  proceeds  and  more  alcohol 
is  formed,  according  to  the  equation  quoted  above-  This 
alcohol  reacts  with  the  sodium  and  produces  the  neces- 
sary ethylate.  The  unsatisfactory  yield,  when  sodium 
ethylate  itself  is  substituted  for  metallic  sodium,  lie  ex- 
plains by  stating  that  the  reaction  between  sodium  ethylate 
and  ethyl  acetate  is  reversible,  and  that  the  product  is  de- 

'  Ber.  clieni.  Ges.  Berlin,  38,  709  (1905). 
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composed  by  alcohol;  if  sodium  is  present,  tlie  alcohol  formed 
by  the  reaction  is  at  once  decomposed,  otherwise  it  accumu- 
lates and  spoils  the  yield. 

In  defending  his  theory,  Claisen  thus  perhaps  uncon- 
sciously appeals  to  the  principles  of  chemical  kinetics  and 
equihbrium;  but  his  main  argument  is  based  on  the  analogy 
between  the  acetacetic  ester  synthesis  and  the  condensations 
discovered  by  himself  and  Wislicenus.  One  explanation 
must  do  for  all,  he  says;  and  that  must  be  the  ethylate  ex- 
planation, for  many  of  these  condensations  may  be  carried 
out  successfully  in  dilute  alcoholic  solutions  of  that  substance. 

The  methods  of  physical  chemistry  for  attacking  prob- 
lems such  as  this,  which  deal  with  the  mechanism  of  reactions, 
have  all  grown  up  since  Claisen's  first  paper  was  published, 
and  have  not  hitherto  been  applied  to  the  elucidation  of  this 
particular  question.  It  seemed,  therefore,  desirable  to  test 
the  validity  of  Claisen's  assumption  that  the  condensation 
of  esters  witli  esters  is  identical  with  that  of  ketones  with 
esters;  and  to  see  whether  the  results  of  kinetic  measurements 
can  be  brought  into  line  with  his  theory  of  the  synthesis. 

The  reaction  between  ethyl  oxalate  and  ethyl  acetate 
was  selected  as  typical  of  one  group,  and  that  between  ethyl 
oxalate  and  acetone  of  the  other.  The  present  paper  con- 
tains the  results  of  my  measurements  on  the  rate  of  the  latter, 
while  Mr.  H.  C.  Cooke  is  engaged  with  a  study  of  the  for- 
mer reaction;  the  condensation  of  acctophcnone  with  acetic 
ester  is  also  being  studied  ui  this  laboratory.  It  is  proposed 
to  publish  the  results  of  these  investigations  as  they  are 
obtained,  and  to  postpone  theoretical  discussion  until  the 
material  has  been  collected. 

In  investigations  of  this  kind  it  is  necessary  to  be  pro- 
vided with  some  means  of  stopping  the  reaction  at  will,  and 
of  determining  the  amount  of  change  that  has  taken  place. 
In  the  present  case,  the  first  end  was  attained  by  neutralizing 
the  sodium  ethylate,  and  the  second  by  determining  the 
depth  of  color  produced  by  the  addition  of  a  solution  of  ferric 
chloride. 
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The  feasibility  of  this  method  of  analysis  was  ascertained 
only  after  a  number  of  experiments  with  pure  acetoiioxalic 
ester  and  ferric  chloride,  and  the  unexpected  nature  of  some 
of  the  facts  disclosed  during  these  experiments  led  to  an  ex- 
tension of  the  study  of  this  ferric  reaction  beyond  the  limits 
necessary  for  the  foundation  of  an  analytical  method, 

An  account  of  my  experiments  on  the  ferric  chloride 
reaction  follows  the  description  of  the  method  employed  in 
preparing  the  acetonoxalic  ester,  and  is  followed  in  turn  by 
the  measurements  of  the  rate  at  which  the  latter  substance  is 
synthesized. 

Preparation  of  Acetonoxalic  Ester 

The  method  of  preparing  this  substance  as  given  by 
Claisen'  consists  in  adding  a  mixture  of  one  mol  each  of 
acetone  and  oxalic  ester  to  an  alcoholic  solution  of  one  mol 
of  sodium,  boiling  off  the  alcohol,  and  fractionating  the  ester 
in  vacuo. 

In  my  first  attempts  to  follow  these  dtfcctions  I  got 
absolutely  no  yield,  and  even  when  the  experiments  were 
repeated  with  Merck's  best  acetone,  Kahlbaum's  absolute 
alcohol,  and  Kahlbaum's  ethyl  oxalate,  the  result  was  not 
much  Ijetter.  In  the  end,  I  foimd  that  the  trouble  was  caused 
by  the  presence  of  traces  of  water  in  the  "absolute"  alcohol 
employed,  and  it  was  only  when  1  discarded  Kahlbaum's 
and  Merck's  preparations  and  worked  with  Squibb's  that 
satisfactory  results  were  obtained.  This  extreme  sensitive- 
ness of  the  reaction  to  water  is  not  hinted  at  anywhere  in  the 
literature. 

In  the  presence  of  a  trace  of  water,  sodium  ethylate  and 
oxalic  ester  in  alcoholic  solution  give  a  whitish  gelatinous 
precipitate,  which  is  quickly  formed  and  is  quite  distinct  in 
appearance  from  the  yellow  denser  precipitate  of  sodiume 
acetonoxalic  ester.  In  my  experiments  I  was  even  unable 
to  empty  the  pipettes  by  blowing  through  them,  for  fear  "of 
the  deleterious  action  of  the  water  so  introduced  into  the 

'  Ber.  ctaem-  Ges.  Berlm,  ao,  1189  (1887). 
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reacting  mixture.  A  few  quantitative  measurements  showing 
the  effect  of  traces  of  water  on  the  yield  of  acetonoxalic  ester 
are  given  on  page  1 1 . 

Instead  of  fractionating  the  ester,  which  I  found  to  be 
accompanied  by  losses,  I  purified  it  by  freezing;  the  following 
is  a  full  description  of  my  method  of  preparation :  58  grammes 
of  acetone  and  146  granmies  of  etliyl  oxalate  were  mixed  in 
a  liter  flask,  and  cooled  in  ice  water;  a  solution  of  23  granmies 
of  sodium  in  460  grammes  of  absolute  alcohol  was  then  slowly 
added.  In  the  course  of  an  hour  the  sodium  compoimd  had 
separated  completely;  it  was  freed  from  the  mother-liquor 
by  filtration  through  cheesecloth,  and  pressed  between 
filter  paper.  The  sodium  compound  was  then  weighed, 
and  slightly  less  30  percent  sulphuric  acid  added  than  enough 
to  neutralize  the  sodium  present.  An  oil  separates,  which  is 
dried  in  a  vacuum  over  calcium  chloride,  and  the  aceton- 
oxalic  ester  separated  from  it  in  the  form  of  crystals  by 
freezing  in  a  bath  of  ice  and  salt.  So  prepared,  the  ester 
melts  at  18*,  and  boils  at  210"  (thermometer  in  vapour)  at  a 
pressure  of  753  mm. 

Aoetonoxalic  Ester  and  Ferric  Chloride 

A  scries  of  preliiiiinarj'  experiments  showed  that  the 
deep  red  colour  produced  by  ferric  chloride  in  solutions  of 
acctonoxalic  ester  was  not  affected  (when  viewed  longitu- 
dinally, through  a  column  of  liquid  in  a  test-tube)  by  addition 
of  water,  alcohol,  acetone  or  ethyl  oxalate  if  the  ferric  chloride 
is  in  large  excess,  but  that  the  colour  grew  fainter  if  sodium 
ethylate,  or  any  alkali  or  acid  was  added;  alkalies  seemed 
to  have  more  effect  than  acids.  On  warming,  the  tint  grew 
darker,  the  original  colour  being  restored  on  cooling,  but  a 
difference  of  ten  degrees  had  little  effect  on  the  colour. 
Colorimeter 

A  colorimeter  was  then  set  up,  consisting  of  two  small 
test-tubes  of  the  same  size  and  form,  with  flattened  bottoms; 
one  of  them  was  provided  with  a  side  tube  sealed  on  near  the 
bottom,  and  ser\xd  for  the  standard  solution,  the  other  took 
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the  sample  to  be  analyzed.  Attached  by  rubber  to  the  side 
tube  was  a  glass  tube  of  one  centimeter  bore,  which  could  be 
moved  up  or  do«-n  in  front  of  a  millimeter  scale;  the  position 
of  the  meniscus  on  the  scale  gave  the  depth  of  the  standard 
liquid  in  the  tube. 

The  two  tubes  were  enclosed,  to  jirevcut  access  of  light 
from  the  side,  and  were  slanted  a  little,  so  that  the  tops 
touched  but  the  bottoms  were  about  a  centimeter  apart; 
they  were  covered  by  a  white  card  in  which  two  small  holes 
were  made,  so  that  on  looking  into  the  solutions  the  sides 
of  the  tubes  could  not  be  seen. 

The  whole  apparatus  was  surrounded  with  ice  water  to 
prevent  heat  from  the  arc  lamp  (which  served  as  source  of 
light)  from  raising  the  temperature,  and  affecting  the  colour. 

Measurements  with  this  apparatus  proved  that  if  ferric 
chloride  be  present  in  sufficient  excess,  the  depth  of  colour  is 
directly  proportional  to  the  amount  of  acet  on  oxalic  ester, 
provided  that  the  readings  are  not  made  when  the  tubes  are 
nearly  empty.  The  following  table  shows  the  degree  of 
accuracy  attained. 

In  the  table  the  first  column  gives  the  volume  of  F/250 
acetonoxalic  ester  (dissolved  in  1  percent  alcohol);'  the  second 
and  third,  the  height  of  the  standard  solution  in  millimeters  in 
two  sets  of  experiments,  two  settings  were  made  in  each 
case;  while  the  fourth  and  fifth  columns  give  the  quotients, 
or  the  height  in  millimeters  of  the  standard  solution  corre- 
sponding to  I  cc  of  the  volumetric  ester  solution.  When  the 
reading  is  38  or  more,  the  quotient  remains  constant  at  5.40  ± 
0.05. 

In  pure  solutions  of  acetonoxalic  ester,  therefore,  the 
ferric  reaction  serves  as  basis  for  a  satisfactory  colorimetric 
determination;  it  remained  to  sec  whether  any  of  the  other 
chemicals  present  also  gave  a  colour  with  iron.  Acetone,  or 
oxalic  ester  alone  gave  no  coloiu';  the  sodium  ethylate  was 
neutralized  before  the  iron  was  added;  mixtures  of  sodium 

'  Containing  0.624  grani  ester  per  tiler,  or  approximately  one  fonnula 
weight  in  250  liters. 


Condensaitan  of  Acetone  with  Oxalic  ^ster 


1 


ethylate  and  oxalic  ester  gave  a  reddish  colour,  but  the  tint 
was  too  faint  to  be  measured  in  the  colorimeter. 

Table  I 


7 
8 

9 

ID 
II 
12 


21  21 

32.5,  32.5 

37-5,  38.0 

44.0,  44.0 

49.0,  49.0 

550,  52.0 

60.5,  60.5 

65.0,  66.0 


38.0,  38.0 

43.0,  44.0 

49  o,  49.5 

55.0,  55.0 

60.0,  60.5 


5 
5 
5 
5 
5 
5 
5 
5 


Quotient 

I 

II 

02 

04 

4 

5-4 

5 

5-4 

4 

5.4 

35 

5.5 

5 

5.5 

4 

5.4 

65.0,   66.0 

Hence  0.000624  gram  acetonoxalic  ester  gives  5.4  mm  of  stand- 
ard colour. 

The  possible  formation  of  acetondioxalic  ester  had  also 
to  be  reckoned  with,  although  the  conditions  prescribed  in 
the  instructions^  for  preparing  this  compoimd  are  very  differ- 
ent from  those  obtaining  in  my  experiments.  I  consequently 
prepared  a  quantity  of  this  ester,  and  foimd  that  with  ferric 
chloride  in  aqueous-alcoholic  solution  it  gives  various  shades 
of  brown.  None  of  this  compoimd  appears  to  be  formed  in 
my  experiments,  but  in  the  mixtures  of  acetonoxalic  ester 
with  5  percent  or  so  of  acetondioxalic  ester  I  was  unable  to 
detect  the  brown  colour  in  the  presence  of  the  red  either  with 
the  naked  eye,  or  with  a  pocket  spectroscope. 

The  colorimetric  determination,  after  addition  of  ferric 
chloride,  was  consequently  adopted  as  my  method  of  analysis, 
and  a  standard  colour  was  prepared  by  making  up  2  cc  of  an 
F/2  solution  of  acetonoxalic  ester  (19.5  grams  crystallized 
ester  made  up  to  250  cc  with  Squibb 's  alcohol)  and  25  cc 
ferric  chloride  solution'  to  one-quarter  liter  with  water.  The 
colour  of  this  solution  faded  very  slowly,  but  to  obviate  the 


*  Ber.  chem.  Ges.  Berlin,  22,  3271  (1890). 

*  81.3  grams  of  Merck's  crystallized  hydrate  per  liter. 
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possibility  of  errors  from  this  source,  the  standard  colour  was 
made  up  fresh  daily. 

The  Double  Reading 

Having  thus  provided  myself  with  a  method  of  analysis, 
I  proceeded  with  the  determinations  of  the  rate  at  which 
acetone  and  ethyl  oxalate  react;  but  after  a  number  of  measure- 
ments had  been  made,  I  was  surprised  by  an  experiment  in 
which  the  acetonoxalic  ester  present  (measured  as  usual  with 
the  colorimeter)  was  just  twice  as  much  as  could  possibly 
be  formed  from  the  amoimts  of  acetone  and  ethyl  oxalate 
taken. 

At  first,  of  course,  this  looked  liked  a  slip,  but  investiga- 
tion showed  that  whenever  excess  of  sodium  ethylate  had 
been  used  the  readings  were  high.  I  then  made  a  study  of  the 
reaction  between  sodium  ethylate  and  my  preparation  of 
acetonoxalic  ester,  and  found  that  when  these  two  substances 
are  brought  together  in  equivalent  quantities  in  absolute- 
alcohol  solution,  the  mixture  after  neutralization  with  acid 
and  addition  of  ferric  chloride  gives  just  twice  the  reading 
in  the  colorimeter  that  would  have  been  obtained  from  the 
acetonoxalic  ester  employed  without  such  treatment.  If 
less  than  one  equivalent  of  ethylate  be  added,  the  increase 
in  colour  is  proportional  to  the  amount  added;  excess  of 
ethylate  over  one  equivalent  is  without  effect  on  the  colour. 

The  coloiu"  matches  nicely  with  the  red  of  my  standard 
solution.  On  dilution  with  water  or  alcohol,  however,  the 
colour  fades,  like  that  of  ferric  sulphocyanate,  and  in  this 
respect  differs  from  the  standard. 

The  most  remarkable  thing  about  this  new  reaction, 
however,  is  that  if  ethyl  oxalate  be  added  to  the  alcohol  solu- 
tion after  treatment  with  the  ethylate  the  single,  instead  of 
the  double,  reading  is  obtained.  The  reactions  in  alcoholic 
solution  between  sodium  ethylate  and  acetonoxalic  ester, 
and  between  ethyl  oxalate  and  the  new  substance  are  in- 
stantaneous. 
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Ferric  Chloride  and  Other  Keto-Esters 

Compounds  of  ferric  chloride  with  esters  of  the  keto- 
acids  have  been  studied  by  Geuther,'  Bishop,  Claisen  and 
Sinclair,'  WbUccnus,'  Traube,'  Knorr,'  Morrel  and  Crofts," 
and  R.  SchifF.'  Geuther  remarked  the  similarity  between  the 
colours  produced  by  ferric  chloride  with  acetacetic  ester 
and  with  phenol,  which  he  took  as  indicating  similarity  of 
structure  between  them;  and,  ever  since,  the  presence  or  ab- 
sence of  the  ferric  reaction  has  been  repeatedly  discussed  in 
tile  controversies  over  the  cnol  and  keto  formulas  for  these 
esters,  until  at  the  present  time  the  ferric  reaction  is  generally 
accepted  as  the  criterion  for  enolic  constitution. 

The  reaction  with  sodium  etliylate,  which  therefore 
might  be  interpreted  as  giving  rise  to  a  new  enol  group, 
seemed  worth  further  consideration;  and  in  reviewing  the 
literature  of  acetacetic  ester  1  found  that  in  189S  Robert 
SchifF'  had  already  noted  that  traces  of  sodium  ethylate 
cnolize  the  keto  form,  in  the  case  of  the  addition  product  of 
benzal-aniline  and  acetacetic  ester,  and  that  piperidine 
ketoizes  the  enol  form;  and  from  later  experiments  the 
author  concludes  that  the  reaction  is  quite  general  with  this 
class  of  compounds. 

My  own  investigations  have  shown  that  oxalacctic  ester 
(prepared  as  descril)ed  in  Liebig's  Ann.,  247,  317)  gives  a  red 
colour  with  ferric  chloride,  which  is  sharply  trebled  by  treat- 
ment with  sodium  ethylate. 

Acetacetic  ester  (Kahlbaum)  gives  a  violet,  which  is 
unaffected  by  the  etliylate  treatment. 

Methylacetacetic  ester  (Kahlbaum)  was  likewise  un- 
affected.    With  regard  to  the  "undonbling"  by  oxalic  ester, 

'  Arch  dcr  Pharra.,  116,  97-110. 

*  Liebig's  Ann,,  181,  344. 

*  Ibid.,  iQi,  147  ( 1896). 

*  Ber.  chem,  Ges.  Berlin,  39,  1718  (1S96). 
'  Ibid.,  id,  1387  (1S97). 

•Jour.  Chem-  Soc.,  73,  (1898). 

'  Ber.  chem.  Ges.  Berlin,  31,  6oi,  1388  (1898) 
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I  find  that  in  the  case  of  acetonoxalic  ester  the  same  result  is 
produced  by  the  use  of  ethyl  acetate. 

The  colour  produced  by  ferric  chloride  in  solutions  of 
acetacetic  ester  resembles  the  "double"  colour  from  aceton- 
oxalic ester  and  the  "treble"  colour  from  oxalacetic  ester, 
in  being  partially  bleadienl  by  the  addition  of  alcohol  or 
water.  It  is  therefore  natural  to  suppose  that  the  acetacetic 
ester  from  Kahlbaum's  factory  is  in  the  same  state  as  my 
acetonoxalic  ester  after  treatment  with  sodium  ethylate. 

Before  leavhig  this  subject,  I  propose  to  compare  the 
depth  of  the  colour  produced  by  ferric  chloride  in  the  solu- 
tions of  the  different  esters,  and  see  whether  from  this  point 
of  view  also  the  acetacetic  ester  colour  is  comparable  with 
the  "double"  colour  from  acetonoxalic  ester.  Of  course, 
as  the  red  compounds  are  not  identical  in  the  different  cases, 
no  very  sharp  results  can  be  expected,  they  are,  however, 
analogous,  and  preliminary  experiments  have  shown  me  that 
the  colour  produced  by  ferric  chloride  in  solutions  of  resorein 
is  closely  twice  that  given  by  an  equimolar  solution  of  phenol. 

The  sharp  doubling  of  the  colour  produced  by  ferric 
chloride  with  my  specimen  of  acetonoxalic  ester  after  previous 
treatment  with  sodium  ethylate,  would  seem  best  accounted 
for  by  my  compound  having  mono-hydroxyl  constitution, 

CH,.CO.CH:C{OH).COOC,H.     or     CH,.C(OH}:CH.CO.COOC,H,; 

Perkin'  and  Gladstone,  however,  have  concluded  both  from 
the  magnetic  rotation  of  the  plane  of  polarization  and  the 
refractive  power  of  a  specinten  of  acetonoxalic  ester  supplied 
by  Claisen  that  the  constitution  of  the  compoimd  is  rep- 
resented by  the  dihydroxyl  fonuula, 

CH,.C(OH) :  C:  C(OH).COOC,H.. 

Since  this  representation  does  not  agree  so  well  with  my 
experiments,  I  determined  the  index  of  refraction  of  my 
compound  to  see  if  the  two  were  identical. 

'  Jour.  Cbem.  Soc.,  6i,  Sat  (iSgi). 
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The  value  given  by  Perkin  and  Gladstone  for  the  sodium 
line  is 

Wd  =  1.4.7569931  17°,' 
experimentally  I  found 

wd  =  1.4.750  at  20°. 

This  measurement,  together  with  the  agreement  in 
melting  and  boiling-points,  leaves  little  doubt  that  my  speci- 
men of  the  ester  was  identical  with  that  prepared  by  Claisen. 

Boiling  at  atmospheric  pressure  tor  five  minutes,  and 
subsequent  cooling,  did  not  affect  the  refractive  index,  or  the 
depth  of  colour  with  ferric  chloride. 

Attempts  made  to  isolate  a  sodium  salt  corresponding 
to  the  "double"  ferric  salt,  have  not  yet  led  to  the  desired 
conclusion,  although  sodium  compounds  have  been  isolated 
which  contain  a  higher  percent  of  sodium  than  the  normal 
compound,  and  which  give  a  colour  with  ferric  chloride  pro- 
portional to  their  content  of  sodium. 

Effect  of  Water  and  of  Alcohol  on  the  Yield  of  Aceton- 
oxalic  Ester 

The  great  effect  exerted  by  traces  of  water  on  the  yield 
has  already  been  referred  to  (p.  5);  the  following  table  gives 
the  results  of  experiments  carried  out  with  alcohol  to  which 
measured  amounts  of  water  had  purposely  been  added. 

Equivalent  quantities  of  the  three  reagents,  iifz.,  0.50  cc 
ethyl  oxalate,  0.27  cc  acetone,  2.10  cc  alcoholic  solution  of 
sodium  ethylate  (1.74  normal)  and  2.13  cc  alcohol — making  a 
total  volume  of  5.0  cc — were  mixed  and  the  reaction  allowed 
to  proceed  to  completion.  In  the  first  experiment  Squibb's 
alsolute  alcohol  was  used,  in  the  others  a  solution  of  water  in 
alcohol;  the  weight  and  the  volume  percent  of  the  water  in 
the  5  cc  of  reaction  mixture  is  ^iven  in  the  table.  Under 
"yield"  is  entered  the  amount  of  acetonoxalic  ester  formed 
in  percent  of  that  theoretically  possible. 

■  Jour.  Cbem.  Soc.,  61,  855  (1S93}. 
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Tablb  Ila 

Water  present 

Yield 

Grams 

Vol.  percent 

Percent 

O 

0 

96 

0.0107 

0.213 

69 

0.0146 

0.291 

56 

0.0320 

0.639 

34 

0.0426 

0.852 

20 

0.0533 

1.065 

10 

0.0639 

1.278 

7.5 

In  studying  the  eflfect  of  alcohol  on  the  yield,  it  was,  of 
course,  impossible  to  keep  the  volume  constant;  addition  of 
alcohol  was  therefore  necessarily  attended  by  retardation  of 
the  rate  of  condensation.  That  the  yield  also  was  reduced 
is  shown  by  the  experiments  of  the  following  table: 

Table  116 


Acetone 
cc 

Oxalate 

CO 

Ethylate 
cc 

Total  vol. 

Time 

Yield 
Percent 

0.27 

0.50 

2.10 

2.87 

I  hour 

100 

a 

IC 

5-00 

2  days 

100 

it 

l< 

10.00 

2     " 

70 

a 

<< 

10.00 

28     " 

72 

<< 

<< 

20.00 

28     " 

57&58* 

0.54 

a5o 

2.10 

3-14 

I  hour 

100 

<< 

<< 

5-00 

2  days 

100 

<< 

<< 

10.00 

28     " 

75  &  77 

i< 

« 

20.00 

28     " 

62 

0.27 

1. 00 

2.10 

3-37 

I  hour 

100 

<< 

i< 

5-00 

2  days 

100 

<c 

« 

10.00 

28     •• 

74  &  77 

<i 

<< 

20.00 

28     " 

58  &  60 

The  results  recorded  in  Table  II  suggested  the  possibility 
that  sodium  acetonoxalic  ester  might  be  decomposed  by 
alcohol,  as  Geuther  found  sodium  acetacetic  ester  to  be. 
The  mixture  whose  composition  is  given  in  the  first  line  of 
Table  II  (which  gives  a  hundred  percent  yield  in  an  hotu") 

^  Duplicates. 
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was  accordingly  made  up,  and  after  standing  an  hour  and  a 
half  was  diluted  with  alcohol,  replaced  in  the  thermostat 
(at  o*^  C),  and  analyzed  after  standing  the  time  entered 
under  "time"  in  Table  III. 

Table  III 


Volume 

Time 

Yield 
Percent 

2.82  cc 

0 

100 

5.00 

II  hours 

96 

10.00 

41   " 

92 

20.00 

n     " 

93 

30.00 

40     " 

91 

40.00 

38     •• 

94 

When  the  alcohol  was  first  added,  the  sodium  compound 
was  stirred  up  with  the  solution  by  a  dry  rod,  and  the  tube 
and  contents  were  well  shaken  from  time  to  time. 

These  experiments  seem  to.  show  that  the  reaction  studied 
in  this  paper  is  a  reversible  one,  although  it  is  clear  that  the 
equilibrium  has  not  been  attained  in  the  experiments  of  Table 
III.  A  complete  study  of  the  reaction  therefore  involves 
measiu^ments  of  the  rate  of  condensation,  the  rate  of  alcoholy- 
sis,  and  the  conditions  of  equilibrium.  The  present  paper  deals 
with  the  first  of  these  only. 

C.  The  Rate  of  Formation  of  Aoetonoxalic  Ester 

The  chemicals  used  in  these  measurements,  and  in  those 
of  Tables  I,  II  and  III,  were : 

Acetone. — Kahlbaum's  *'aus  der  Bisulfitverbindimg." 

Ethyl  Oxalate,  from  Eimer  &  Amend,  neutral. 

Alcohol. — Squibb 's  absolute. 

Acetonoxalic  Ester,  prepared  as  described  on  p.  5.  Melt- 
ing-point, 18®  C;  boiling-point,  210°  C. 

Ferric  Chloride,  Merck's  C.  P. 

Sodium  Ethylate. — For  the  preliminary  experiments,  a 
stock  of  the  ethylate  solution  was  prepared  by  dissolving 
sodium  in  alcohol,  and  kept  in  an  atmosphere  of  hydrogen 
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generated  electrolytically  from  a  solution  of  caustic  potash. 
On  standing,  however,  the  solution  turned  brown,  and  gave 
results  different  from  those  with  a  fresh  preparation.  In  the 
end,  I  found  it  best  to  make  up  a  fresh  solution  daily;  the 
concentration  was  determined  by  titration  with  normal 
sulphuric  acid,  using  methyl  orange  as  indicator. 

Method  of  Working 

The  reagents  were  measured  into  large  test-tubes  ( i  .so  cc) 
closed  with  rubber  stoppers,  and  placed  in  a  thermostat  at  zero. 
A  separate  mixture  was  used  for  each  analysis,  for  fear  of 
introducing  water.  The  sodium  ethylate  pipette  was  washed 
with  water  and  dried  with  a  hot  air-blast  before  each  measure- 
ment. 

When  it  was  desired  to  stop  the  reaction,  a  measured 
volume  of  water  was  added,  whereupon  the  caustic  soda 
(formed  from  the  ethylate  and  from  the  sodiuni-aceton- 
oxalic  ester)  promptly  saponified  the  excess  of  oxalic  ester, 
and  was  itself  neutralized  in  the  process;  as  one  mol  of  the 
ester  will  thus  neutralize  two  of  the  ethylate,  it  was  not 
necessary  to  add  additional  ester  except  when  an  excess  of 
ethylate  had  been  used  in  making  up  the  reacting  mixture. 
After  the  caustic  soda  has  been  neutralized  the  ethyl  oxalate 
is  very  slowly  saponified,  and  thus  makes  the  solution  only 
slightly  acid. 

A  known  fraction  of  the  aqueous  alcoholic  solution  was 
then  removed,  mixed  with  4  cc  of  the  ferric  chloride,'  and 
compared  with  the  standard  in  the  colorimeter;  enough  of 
the  reaction  product  was  taken  in  each  case  to  bring  the 
reading  between  30  and  50  mm.  Two  or  three  settings  of 
the  colorimeter  were  made  in  each  case;  and  from  three  to 
eight  samples  of  each  reacting  mixture  were  pipetted  out  and 
Einalyzed,  depending  on  the  agreement  between  the  results, 
and  on  the  ease  with  which  I  found  I  could  decide  on  the 
end-point — that  is  to  say,  no  doubt,  on  the  state  of  my  eyes. 

'  See  foot-note,  p.  7. 
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The  results  of  these  rate  measurements  are  presented  in 
tables,  at  the  Iiead  of  each  of  which  are  given  the  initial 
quantities  of  the  reagents  in  milligramme-fornmla-weights. 
and  the  volume  of  the  reacting  mixture;  in  cubic  centimeter 
under  t  the  duration  of  the  reaction  in  hours;  under  x 
the  amount  of  acetonoxalic  ester  formed  in  milligramme- 
fornmla-weights;  and  under  x  per  liter  the  amount  of  aceton- 
oxalic ester  formed  per  liter  expressed  in  the  same  units. 
The  values  of  x  were  calculated  as  follows : 

_  (color  reading)  X  (vol.  after  adding  water) 
~  (vol.  analyzed)  X  5.4  X  250 

In  Tables  IV-IX  to  "vol.  after  adding  water  "  was  40  cc. 

The  experiments  show  that  the  powers  of  the  concentra- 
tions to  which  the  rate  of  condensation  is  proportional  de- 
pend upon  the  degree  of  dilution  by  alcohol.  In  Tables 
IV-IX  (vol.  20  cc)  the  rate  is  proportional  to  the  first  power 
of  the  concentration  of  the  acetone,  and  to  about  the  1.2 
power  of  the  concentrations  of  the  oxalic  ester  and  of  the 
ethylate.  On  diluting  the  same  amounts  of  the  three  reagents 
to  a  volume  of  30  cc  the  powers  become  i,  1.75,  1.75  respec- 
tively; and  on  further  dilution  to  40  cc  (Tables  X-XVI)  and 
to  50  cc  (Tables  XVII-XX)  while  still  proportional  to  the 
concentration  of  the  acetone,  the  rate  is  found  to  vary  with 
the  square  of  the  concentrations  of  the  oxalic  ester  and  of  the 
ethylate  respectively. 

This  difference  between  the  behaviour  of  acetone  on  the 
one  hand,  and  that  of  the  other  two  reagents  on  the  other, 
lends  support  to  Claisen's  formulation  of  the  condensation 
if  it  be  supposed  that  the  addition  product  assumed  by  him 
is  largely  dissociated  in  alcoholic  solution.  To  account  for 
the  second  powers  of  the  concentrations  met  with  at  the 
higher  dilutions,  however,  the  addition  product  must  be 
given  twice  the  molecular  weight  assumed  by  Claisen. 

Tables  IV-IX  give  the  experimental  results  without  any 
attempt  to  represent  them  by  a  differential  equation.     For 
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the  experiments  of  Tables  X-XX,  however,  I  have  calculated 
the  velocity  constants  of  the  equations 

cfa/(ftKi(A— «)(B-^)»(C— «)»    —    K^(D— ^)  Equation  i 

cfa/(ftKj(A— «)(B-^)»(C— «)»    —    K^»(I>— «)'       Equation  2 

from  each  successive  pair  of  measurements  by  means  of  the 
"Method  of  Areas." 

Equation  i  gave  fairly  constant  values  for  K,  but  mostly 
negative — and  therefore  impossible — ^values  for  K,;  in  some 
cases  the  values  of  K,  were  much  greater  than  those  of  K^ 
although  the  rate  of  condensation  is  obviously  much  greater 
than  that  of  alcoholysis. 

The  ntunbers  calculated  from  Equation  2  are  more 
satisfactory,  and  are  entered  in  the  tables;  in  looking  them 
over,  it  must  be  remembered  that  a  small  change  in  K^  causes 
a  large  change  in  K,. 

The  form  of  these  equations  was  suggested  by  the  ex- 
periments of  p.  13;  whatever  hypothesis  as  to  the  mechanism 
of  the  reaction  may  ultimately  be  adopted,  the  constats 
entered  in  the  tables  may  serve  as  the  basis  of  a  useful  inter- 
polation formula  connecting  the  rate  with  the  composition 
of  the  reacting  solution. 

My  thanks  are  due  to  Prof.  W.  Lash  Miller,  at  whose 
suggestion  tlfis  research  was  undertaken,  and  tmder  whose 
supervision  it  was  carried  out.  The  experiments  were  .con- 
cluded in  the  summer  of  1906. 
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Tablb  VIII 
Acetone  ii.i  Oxalic  ester  3.7  Sodium  ethylate  3.7        Vol.  20 


/ 

"Vol.  anal." 

Readings 

X 

0.25 

4.0 

42.0;  42.0;  42.0 

0.311 

0.50 

30 

52.5;  53.0;  52.0 

0.518 

0.75 

2.0 

45.5;45-5;45.5 

0.674 

I.O 

1.5 

4i.5;42.o;42.o 

0.822 

1.5 

1.0 

36.0;  36.0;  36.0 

1.067 

2.0 

0.75 

32.0;  31.0;  31.5 

1.245 

3.0 

0.75 

40.0;  41.0;  40.0 

1.595 

Table  IX 
Acetone  3.7  Oxalic  ester  ii.i  Sodium  ethylate  3.7 


Vol.  20 


/ 

**Vol.  anal.'» 

Readings 

X 

0.25 

3.0 

34.0;  34.0;  35.0 

0.341 

0.50 

2.5 

52.0;  52.0;  52.0 

0.616 

0.75 

1.25 

40.0;  39.0;  40.0 

0.939 

1.0 

1.0 

40.0;  40.0;  39.5 

1. 178 

1.5 

0.75 

40.o;4i.5;4i.o 

1.622 

2.0 

0.6 

39.5;40.o;40.5 

1.970 

30 

0.5 

38.5;  390;  39.0 

2.290 

Table  X 
Acetone  3.7        Oxalic  ester  3.7       Sodium  ethylate  3.7 


Vol.  40 


/ 

X 

X  per  liter 

Ki  X  10" 

4.0 

0.069 

1.725 

6.5 

0.II5 

2.875 

68 

16.0 

0.272 

6.80 

74 

24.0 

0.385 

9525 

67 

35.0 

0.500 

12.50 

69 

40.0 

0.563 

14075 

79 

48.0 

0.593 

22.05 

66 

72.0 

0.882 

31.00 

80 

120.0 

1.240 

37.00 

80 

192.0 

1. 481 

47.00 

86 

1.888 

— 

Avei 

•age     74 

ii 
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Table  XI 
Acetone  7.4        Oxalic  ester  3.7        Sodium  ethylate  3.7         Vol.  40 


/ 

X 

X  per  liter 

Ki  X  10" 

K, 

4 

0.122 

3.05 

— 

8 

0.244 

6.10 

— 

16 

0.467 

11.67 

57 

II  X  io-'3 

24 

0.607 

1517 

56 

36  X    IO-'3 

35 

0.741 

18.52 

48 

13  X    IO-'3 

40 

0.800 

20.00 

42 

10  X  io-'3 

48 

0.860 

21.50 

40 

Acetone  3.7 


Acetone  3.7 


Table  XII 
Oxalic  ester  7.4        Sodium  ethylate  3.7         Vol.  40 


/ 

X 

X  per  liter 

Ki  X  10" 

^« 

4 

0.250 

^.25 

8 

0.459 

11.47 

72 

16 

0.778 

19.45 

80 

14  X   IO-'3 

24 

0.964 

24.10 

78 

II    X    IO-'3 

35 

1. 112 

27.80 

73 

7  X  io-'3 

40 

1 .  169 

29.22 

63 

5  X  io--'3 

48 

1.259 

31.47 

69 

4  X  io-'3 

72 

1. 511 

yin 

64 

3  X  io-»3 

120 

1.837 

45.92 

55 

240 

2.192 

54.80 

2.222 

55.50 

Table  XIII 
Oxalic  ester  3.7        Sodium  ethylate  7.4         Vol.  40 


/ 

X 

X  per  liter 

Ki  X  io>« 

^« 

4 

0.280 

7.00 

8 

0.426 

10.65 

73 

16 

0.611 

15.27 

58 

20  X  io-'3 

24 

0.778 

19.45 

53 

4  X  io-'3 

35 

0.964 

24.10 

52 

3  X  io-'3 

40 

1.037 

25.92 

55 

3  X  io-'3 

48 

I. Ill 

27.77 

52 

4  X  io-'3 

72 

1.288 

32.20 

49 

3  X  io-«3 

120 

1. 518 

37.95 

42 

3  X  io-'3 

168 

1. 741 

43.92 

41 

2   X    IO-'3 

192 

1.837 

45.92 

41 

— 

— -  1 

2.185 

54.62 
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Table  XIV 
Acetone  i  i.i        Oxalic  ester  3.7        Sodium  ethylate  3.7        Vol.  40 


/ 

X 

X  per  liter 

Ki  X  10" 

K, 

4 

0.177 

4.42 

41 

8 

0.311 

I'll 

56 

16 

0.591 

14.77 

61 

24 

0.829 

20.72 

63 

— 

35 

1.036 

25.90 

70 

20  X  io"'3 

40 

1. 118 

27.95 

11 

48 

1. 215 

30.37 

74 

Acetone  3.7 


Average    64 


Table  XV 
Oxalic  ester  1 1 .1        Sodium  ethylate  3.7.        Vol.  40 


t 

X 

X  per  liter 

Ki  X  10" 

K. 

4 

0.433 

10.82 

• 

• 

8 

0.813 

20.32 

60 

16 

1. 301 

32.52 

60 

24 

1. 481 

35.02 

59 

35 

1-735 

43.37 

69 

48 

1.895 

47.37 

68 

5  X  io-'3 

72 

2.104 

52.60 

63 

I   X   IO-'3 

120 

2.385 

58.62 

67 

Acetone  3.7 


Table  XVI 
Oxalic  ester  3.7        Sodium  ethylate  ii.i         Vol.  40 


i 

X 

0.444 

X  per  liter 
11.00 

Ki  X  10" 

K, 

'.        4 

56 

8 

0 .  814 

20.35 

63 

16 

I    259 

31.47 

74 

13   X    IO-'3 

24 

1.408 

35  20 

63 

35 

1.660 

41.50 

63 

24 
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Acetone  3.7 


Table  XVII 
Oxalic  ester  3.7        Sodium  ethylate  3.7         Vol.  50 


/ 

X 

X  per  liter 

K,  X  10" 

K, 

12 

0.145 

2.90 

38 

320  X   IO-'3 

24 

0.288 

5.66 

37 

36 

0.429 

8.58 

45 

73  X  io-'«^ 

48 

0.518 

10.36 

45 

93  X  io-'3 

72 

O.7II 

14.22 

46 

33  X  io-'3 

96 

0.837 

16.74 

47 

40  X  io-'3 

120 

0.922 

18.44 

46 

33  X  io-'3 

144 

1. 000 

20.00 

46 

31  X  io-»3 

Acetone  7.4 


Table  XVIII 
Oxalic  ester  3.7         Sodium  ethylate  3.7         Vol.  50 


/ 

X 

X  per  liter 

Ki  X  10" 

K, 

12 

0.244 

4.88 

34 



24 

0.459 

9.18 

37 

15  X    IO-«3 

36 

0.615 

12.30 

36 

5  X  io-«3 

48 

0.741 

14.82 

33 

72 

1.007 

20.14 

38 

3  X  io-'3 

.96 

1. 155 

23.10 

38 

3  X  io-'3 

120 

1.260 

25.20 

38 

3  X  io-'3 

144 

1. 518 

30.36 

— 

Acetone  3.7 


Table  XIX 
Oxalic  ester  7.4         Sodium  ethylate  3.7         Vol.  50 


/ 

X 

X  per  liter 

Ki  X  10" 

K, 

12 

0.377 

7.54 

27 

24 

0.703 

14.06 

30 

36 

0.941 

18.82 

33 

10  X   IO-'3 

48 

1. 081 

21.62 

32 

9  X  io-»3 

72 

1.260 

25.20 

29 

4  X  io-'3 

96 

1.452 

29.04 

28 

2   X    10- '3 

120 

1.592 

31.84 

30 

4  X  io-»3 

144 

1.604 

32.08 

— 
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Tablb  XX 
Acetone  3.7        Oxalic  ester  3.7        Sodium  ethylate  7.4 


Vol.  50 


/ 

X 

X  per  liter 

K,  X  lo-' 

K, 

13 

0.400 

8.00 

30 

I   X    IO-*3 

24 
36 
48 

120 

0 

0.702 
0.923 
1.080 

1.306 
1. 581 

14.04 
18.46 
21.60 
26.02 
31   62 

30 

32 

30 

25 
26 

9  X  io-'3 

2  X   IO-«3 
I   X   IO-*3 

I  X  io-'3 

144 

1.702 

34.04 

27 

I   X   IO-«3 
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CXXX. — Some  Esters  of  Arsenion^  Acid. 
By  William  Robebt  Lano,  John  Francis  Mackey,  and 

Boss   AlTKEN   QOBTNEB. 

J.  M.  Grafts  (Btdl.  Soe,  Mm.,  1870,  [ii],  14,  99),  in  referring  to 
tht  existence  of  compoundR  of  arsenic  with  alcohol  radicles,  pointed 
out  that  no  esters  of  arsenious  or  of  arsenic  acid  had  been  prepared 
npto  the  year  1870,  and  described  a  method  by  which  he  obtained 
0tby)|  methyl,  and  amyl  arsenates;  this  consisted  in  heating  the 
eorresponding  iodides  in  sealed  tubes  at  100°  with  normal  silver 
ansnate.  The  esters  were  purified  by  washing  with  ether  and  dis- 
tilling under  diminished  pressure.    They  are  li(]uids  of  high  boiling 
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point,  above  200°,  and  suffer  partial  decomposition  if  distilled  under 
atmospheric  pressure ;  in  the  case  of  the  amyl  arsenate  so  much  so 
that  he  found  it  impossible  to  obtain  it  pure  even  when  distilled  in  a 
vacuum.  The  addition  of  water  to  them  causes  immediate  and  com- 
plete decomposition  into  arsenic  acid  and  the  alcohol.  Crafts  deter- 
mined their  composition  by  weighing  the  precipitated  arsenic  acid  as 
the  magnesium  salt  and  the  carbon  and  hydrogen  by  combustion,  and 
gave  them  the  formula  R3ASO4.  For  the  arsenites  of  the  alkyl 
radicles  he  used  three  methods,  a  sealed  tube  being  employed  :  (1)  the 
interaction  of  arsenious  oxide  and  ethyl  silicate  at  200°,  (2)  the  inter- 
action of  ethyl  iodide  and  silver  arsenite  at  150°;  and  (3)  the  inter- 
action of  arsenic  bromide  and  sodium  ethoxide,  which  last  method  he 
considered  the  best,  although  in  it  a  secondary  reaction  between  the 
ester  formed  and  the  sodium  ethoxide  causes  a  condition  of  equilibrium 
to  be  set  up,  and  no  more  ester  is  formed. 

It  is  to  be  noted  that  even  if  disodium  hydrogen  arsenite  is  employed 
the  resulting  arsenite  is  always  the  trialkyl  salt.  Crafts  states 
that  arsenious  oxide  and  alcohol  do  not  react  when  heated  in  a 
sealed  tube,  nor  does  arsenious  oxide  either  with  ether  alone  or  with 
the  addition  of  ethyl  acetate,  even  when  in  contact  for  twenty 
hours. 

These  esters  prepared  by  Crafts  are  specified  by  Auger  (Comp^  reyid.y 
1902,  134,  238)  as  the  only  ones  known,  and  he  refers  in  a  later 
paper  {CompL  rend,,  1906,  143,  907)  to  Crafts'  inability  to  obtain 
any  ester  by  heating  the  alcohols  and  oxides  of  arsenic  in  a  sealed 
tube.  Auger  bases  his  conviction  that  an  ester  is  produced  on  the  fact 
that  arsenious  oxide  is  volatile  in  alcohol  vapour,  although  not  in  water 
vapour,  and  concludes  that  this  cannot  be  accounted  for  unless  there 
is  an  ester  formed.*^  Also  he  succeeded  in  preparing  an  ester  from 
glycerol  and  arsenic  oxide,  and  from  ethyl,  methyl,  t^opropyl,  iaobutyl, 
and  itfoamyl  alcohols  and  arsenious  oxide.  He  heated  the  alcohols  with 
crystalline  arsenious  oxide  for  some  hours,  evidently  in  a  sealed  tube, 
as  the  temperatures  quoted  are  far  above  the  boiling  points  of  the 
alcohols,  and  gives  6*5  per  cent,  as  the  extreme  limit  of  esterification 
in  the  case  of  methyl  alcohol,  and  1  *2  per  cent,  in  that  of  ethyl  alcohol. 
Calculating  from  his  figures,  the  yield  of  ester  for  the  higher  alcohols 
appears  to  be  2*62  per  cent.,  0*25  per  cent.,  1*00  per  cent.,  and  0*63 
per  cent,  for  propyl,  uropropyl,  wobutyl,  and  woamyl  alcohols 
respectively. 

So  far  as  can  be  gathered  from  the  paper,  Auger  takes  no  account 
of  the  extreme  solubility,  as  we  have  found,  of  arsenious  oxide  in  the 
ester.     These  small   yields  and  the  difficulty  found  by  Grafts  in 

*  We  have  passed  the  yapoar  of  methyl  alcohol,  oyer  arsenious  oxide  heated  in  a 
long  tnbe,  and  the  ether  obtained  differs  entirely  from  methyl  arsenite. 
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obtaining  any  results  from  the  action  of  the  acid  on  the  alcohol  are 
evidently  due  to  the  reversal  of  the  reaction  : 

6R0H  +  AbjO,  =  2R,A.80b  +  3H,0 (1) 

Auger  states  that  he  removed  the  water  as  it  was  formed  Hy  frac- 
tional distillation  {in  tiie  case  of  tsobutyl  and  isoamyl  esters),  or  by 
passing  the  mixture  of  alcohol  and  water  TB.pour  over  calcium  carbide 
placed  in  an  adapter,  thus  removing  the  water  and  allowing  the  alcohol 
to  drop  back  into  the  flask  in  which  the  reaction  takes  place.  An 
eicollent  yield,  how  much  is  not  stated,  of  propyl,  ji-butyland  wobutyl 
arsenites  was  thus  obtained.  Phenol,  in  the  same  way,  yielded  an 
eater  hitherto  only  prepared  by  the  action  of  sodium  phenoxide  on 
arsenic  ti-ichloride. 

The  nature  of  the  reaction  expressed  by  equation  (1)  and  the 
properties  of  tbe  ester  ctenrly  show  tb&t  only  by  removing  the  water 
as  it  is  formed  can  one  expect  to  get  a  large  yield.  Our  work  has 
been  done  in  two  ways,  namely,  by  heating  the  mixture  in  a  vessel  to 
which  is  attached  a  modided  Soxhiet  tube  and  condenser,  the  Soxhlet 
containing  anhydrous  copper  sulphate,  and  by  adding  tliis  dehydrating 
agent  directly  to  the  mixture.  A  comparison  of  the  yields  obtained 
is  given  in  the  sequel.  By  these  two  methods  yields  of  from  14'8  per 
cent,  (cold)  to  58'(i  per  cent,  (hot)  have  been  obtained  with  aliphatic 
alcohols,  and  with  the  phenols  as  high  as  90  per  ceut.  Experiments 
have  also  been  made,  with  very  encouraging  re.iultit,  on  beniyl  alcohol 
and  on  esters  of  hydroxy -acids.  We  hope  to  show  that  the  use  of  such 
a  dehydrating  agent  as  copper  sulphate  in  a  Soxhlet  tube  will  allow 
of  the  preparation  of  a  series  of  esters  from  tlie  oxides  and  possibly 
Bulphidee  of  arsenic,  antimony,  tin,  and  perhaps  bismuth  with  com- 
pounds containing  hydroxy],  where  the  boiling  points  of  such  esters 
kre  higher  than  that  of  water,  as,  indeed,  is  the  case  with  all  of  these ; 
also  with  anhydrous  copper  sulphikte  in  contact  with  tbe  substances 
themselves.  In  many  preparationf^,  too,  of  esters  generally  and  allied 
producte,  the  formation  of  water  in  the  reaction  produces  an  equi- 
librium resulting  in  a  very  low  yield.  It  is  expected  that  by  removing 
this  water,  as  is  done  in  the  instances  described  iu  the  preiient  paper, 
the  yields  will  be  greatly  increased  in  many  commercial  pioceases. 


KXFEHIMBKTAL. 

JJtatitu/  with  Inverted  Cond^ntsr  only. — Weighed  quantities  of 
propyl,  isobutyl,  and  ifoamyl  alcohols  were  mixed  with  excess  of 
amenious  oxide  and  heated  with  a  direct  flame  for  forty-five  minutes 
in  a  Qask  to  which  a.  reflux  condenser  was  attached,  The  clear  liquid 
obtuned  was  poured  oS  from  the  excess  of  arsenious  oxide  and  frac- 
tioiutt«d    under   diminished    pressure.      The   eeters  so  purified   were 
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analysed  and  the  yield  compared  with  that  calculated  from  equa- 
tion (1). 

Our  method  of  ascertaining  the  composition  of  the  esters  differs 
from  that  used  by  Auger. "^  The  ester  was  decomposed  with  water, 
forming  arsenious  oxide  and  liberating  the  alcohol.  The  arsenious 
oxide  was  dissolved  in  sodium  carbonate  and  titrated  with  ^/lO 
iodine  (a  preliminary  test  having  shown  that  the  alcohol  did  not  react 
with  iodine).  By  this  means  the  quantity  of  arsenic  in  the  ester  was 
determined. 

iso-Amyl  Arsenite, — 1'4  Grams  were  decomposed  with  10  c.c.  of  water, 
sufficient  sodium  carbonate  added  to  dissolve  the  arsenious  oxide,  and 
the  whole  diluted  to  100  c.c;  25  c.c.  of  this  required  17  c.c.  of 
standard  iodine  for  oxidation,  corresponding  with  22*4  per  cent,  of 
arsenic.  In  50  grams  of  the  ester,  the  alcohol  was  determined  and 
found  to  weigh  39  grams,  or  78  per  cent.  t^oButyl  and  propyl 
arsenites  were  also  analysed  in  a  similar  way  : 

Per  cent.  Per  cent.  As  calculated 

Ester.  As  found.  as  (RO))  As. 

Methyl 44*6  44*6 

Ethyl    —  — 

Propyl 29-6  29*7 

woButyl   257  26-6 

Amyl    22-2  22*3 

isoAmyl   22*4  22*3 

Expressing  these  as  salts  of  arsenious  acid,  the  formulse  become 
(OgHii)3As03,  (C,H,)3A80„  and  (C3H^)3A803. 

Propyl  arsenite  is  a  yellow,  mobile  liquid  boiling  at  216°  and 
decomposing  very  readily  on  addition  of  water. 

iBoButyl  arsenite  is  a  deep  yellow,  mobile  liquid  of  specific  gravity 
1*069;  it  decomposes  rapidly  in  presence  of  water  into  i^obutyl 
alcohol  and  arsenious  oxide ;  under  760  mm.  pressure  it  decomposes 
at  242°,  and  boils  at  157°  under  30  mm.  pressure. 

iBoAmyl  arsenite  is  a  yellow  liquid  of  specific  gravity  1*050  ;  it  boils 
at  185°  under  30  mm.  pressure,  and  under  atmospheric  pressure  it 
decomposes  at  284° ;  in  the  presence  of  water,  it  decomposes  into 
i^oamyl  alcohol  and  arsenious  oxide. 

Heating  with  Soxhlet  Attachmeni  and  Anhydrous  Coppe/i*  Sulphate. — 
To  eliminate  the  water  as  it  is  formed  and  so  increase  the  yield  of 
ester,  the  conditions  of  the  experiments  were  modified.  One  hundred 
and  sixty  grams   of  isoamyl   alcohol   were  added   to   70   grams   of 

*  Auger  determined  the  amount  of  arsenic  in  the  cooled  liquid  obtained  (a  mixture 
of  the  ester  and  alcohol)  by  means  of  iodine.  The  difference  between  this  and  the 
amount  of  arsenionn  oxide  that  would  dissolve  in  the  same  quantity  of  alcohol  in  the 
cold  was  taken  as  representing  the  amount  of  ester  formed  (Compt,  rend.^  1906,  14>3> 
908).  No  account  was  taken  of  the  solubility  of  arsenious  oxide  in  the  estert: 
themseWss, 
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oxide  in  a  300  v.v.  Hask,  An  oidinary  Soxhlet  tube  was 
connected  with  the  flask,  and  a  tondenser,  fitted  with  a  oalcium  chloride 
tube,  was  attached  to  the  Soxhlet,  which  contaioed  a  large  filter  papar 
filled  with  anhydioua  copper  sulphate.  The  liquid  iu  the  flask  was 
heiited  to  boiling,  and  the  water  formed  wan  absorbed  by  the 
anhydrous  copper  BulpUate,  which  turned  blue  as  soon  as  the  first  drops 
of  condensed  liquid  fell  on  it.  Heating  was  stopped  after  forty-five 
minutes,  when  small  rings  of  a  compound  of  high  boiling  point  began 
to  form  on  the  sides  of  the  flask  ;  after  coaling,  the  clear  product  was 
filtered  and  fractionated  under  diminished  pressure.  1 10'35  grams  of 
eater  were  obtained,  being  a  yield  of  58'6  per  cent,  as  compared  with 
13'22  per  cent,  obtained  without  the  use  of  a  dehydrating  agent, 

In  similar  experiments  with  Mobutyl  and  propyl  alcohols,  yields  of 
liS'SS  per  cent,  and  5fi'75  per  cent,  respectively  were  obtained,  as 
compared  with  11 '09  and  8'T9  per  cent,  when  no  dehydrating  agent 
was  employed. 

lT»e  of  Dehydrating  Agent  in  the  Cold.— The  eaterification  of  these 
three  alcohols  by  arsenious  oxide  can  be  carried  out  even  in  the  cold 
if  a  dehydrating  agent  is  used;  120  grams  of  the  alcohol  were 
shaken  in  a  stoppered  bottle  at  room  temperature  wiih  60  grama  of 
arsenious  oxide  and  70  grams  of  anhydrous  copper  sulphate  for  three 
days.  The  following  yields  were  obtained  :  isoamyl  arsonite,  1 7-2  per 
cent.;  Mobutyl  arsenite,  I5'8  per  cent.;  propyl  aisenite,  ]4'8  per 
cent. 

The  following  table  indicates  the  comparative  yields  (per  cent.)  by 
different  methods  : 

Wilh  anhydrous  coppor  sulphate  : 

Auger  (in  ReQu:!        . '  '  - 

Eslei.  sealed  tulie).     coudenser.      in  8(ixhl«C.      in  the  cold. 

Methyl     fl'6  —  33-8*  — 

Kthyl  1-2  -  i'5'  — 

Propyl 2-62  87B  5675  14-8 

iwBiltyl 025  1100  B8'25  IBS 

TrimelhylMrbinol —  —  E4'27  — 

Amjfl 100  _  'i-OO  — 

iioknijl  0-63  13-22  S8'62  17-2 

*  Tha  Soihlet  wa*  not  lued.  but  the  anhydrous  copper  aulphat«  was  placed  with 
the  alcohnl  and  anentous  oxiiie  in  i  flask  fitted  with  a  reflux  condenier. 

A  probable  explanation  of  the  low  yield  in  the  case  of  the  ethyl 
arflenite  lies  in  the  Fact  that  ethyl  alcohol  itself  has  a  strong  alhnity 
(or  water  which,  for  small  quantities  of  water  present,  cannot  be  over- 
come by  the  anhydrous  copper  sulphate.  This  is  readily  shown  by 
adding  a  drop  of  water  to  5  cc.  of  ethyl  alcohol  in  which  a  little 
anhydrous  copper  sulphate  ba«  been  placed.  The  copper  sulphate  is 
appM-ently  not  affected,  whilst  in  the  case  of  the  higher  alcohols  a 
bine  eolour  appears  almost  inabaully,  showing  the  hydi'alion   of  the 
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coppei-  Bulphate.  Uetbjl  alcohol  does  not  respond  to  this  tast 
as  readily  as  do  the  higher  alcohols,  but  it  responds  more  readily 
than  does  ethyl  alcohol.  The  yield  in  each  case,  uaing  the  copper 
Hiilphate,  probably  bears  a.  direct  relation  to  the  respective  affinities  of 
the  alcohol  and  of  the  copper  sulphate  for  the  water  oE  the  reaction, 
if  a  anbfitance  could  be  used  which  had  a  greater  dehydrating  power 
and  at  the  same  time  was  ingoluble  io  alcohol,  a  higher  yield  would 
doubtless  be  obtained.  Calcium  carbide  (Auger,  Compt.  rend.,  1906, 
143,  90S)  is  not  such  a  material :  we  have  compared  the  yields 
obtained  by  replacing  the  anhydrous  copper  sul- 
phate in  the  Soshlet  with  fresh  calcium  carbide, 
using  various  alcohols,  and  the  highest  yield  was 
in  the  case  of  laoamyl  alcohol  where  40  2  per  cent. 
of  ester  was  obtained  after  two  hours'  heating. 

Etlert  (Atained  with  Phenol  and  its  HomologMea. 

For  the  esterification  of  these  with  arsenious 
o\ide  a  side-necked  flask  was  used  the  neck  of 
which  waK  bent  upwards  and  attached  to  the 
Soxhiet,  leaving  the  mouth  of  the  flask  free  to 
receive  a  thermometer  (see  figure). 

Phenyl  Artenite. — Weighed  quantities  of  phenol 
(140  grams)  and  arsenious  oxide  (80  grams)  were 
heated  together,  and  in  all  cases  it  was  observed 
that  the  reaction  began  at  100°,  the  oiisture 
boiling  violently  at  that  temperature,  The  thermo- 
meter gradually  rose  to  133°,  when  a  thick  cloud 
formed  in  the  flask.  The  temperatm-e  remained 
constant  at  that  point  for  a  few  minutes  and  then 
gradually  rose  to  a  maximum,  where  it  was  kept 
for  about  five  minutes ;  the  heating  was  then 
stopped  and  the  contents  of  the  flask  allowed 
to  cool.  The  mixture  of  phenol,  ester,  and  arEenious 
oxide,  the  latter  of  which  is  very  soluble  in  the  estei',  was  shaken  with 
benzene,  causing  the  precipitation  of  the  arsenious  oxide  dissolved  in 
the  ester.  The  mixture  was  then  filtered  and  the  benzene  solution  of 
the  ester  fractionated  under  diminished  pressure.  The  benzene  distilled 
at  20°,  the  phenol  at  69°,  and  the  ester  at  305",  The  ester,  purified  by 
redistillation,  weighed  105  grams,  representing  a  yield  of  60  per  cent. 
Phenyl  arienite  is  a  deep  yellow,  viscous  liquid  with  a  specific  gravity 
of  1-69;  it  freezes  at  31°,  and  boils  at  305°  under  a  pressure  of 
30  mm.  It  dissolves  readily  in  methyl  alcohol,  benzeae,  ethyl 
acetate,  or  chloroform,  and  dooomposes  on  addition  of  weiler,  but  not 


SOME   ESTERS   CtF   AR8ES10DS   ACID. 


i;i70 


flo   readily    as    the   fatty   arseniteB.     It  was   fooni)    on  analyue   to 
correspond  with  the  formula  {CgHjO)gA8,  or  (CflH^jjAsO,. 

0-,  m-,  and  tp-Tolyl  Aratnites. — One  hundred  grams  of  each  of  the 
cresolB  vere  heated  with  araeuioua  oxide  for  thirty  minutes  in  the 
ftpparatuB  previously  described,  the  areeniou^  oxide  being  eeparated  by 
benKene.  The  liquid  was  then  fractionated,  and  the  e!^trers,  after 
having  been  purified  and  analysed  as  id  the  cnae  of  the  phenyl 
arseoite,  were  found  to  correspond  with  the  formuln  (CgU^Me)gAs,  or 
(CaH«Me)gA60s. 

Naphthyl  Artenitt.^Ona  hundred  grams  of  naphthol  were  heated 
with  30  grama  of  arsenious  oxide  for  thirty  minutes  nod  the 
araenioua  oxide  in  the  ester  sepamted  by  means  of  henEene.  As  yet, 
however,  the  pure  eater  has  not  been  isolated. 

Bentyl  Ar»e7i\U.—0ne  hundred  grams  of  benzyl  alcohol  were  heated 
with  35  grams  of  arsenious  oxide  for  thirty  minutes.  The  maximum 
temperature  was  240°.  The  clear  liquid  was  decanted  and  75  c.c.  of 
benseite  added,  the  arsenious  oxide  collected,  nnil  the  filtrate  fractionated 
under  30  mm.  pressure.  The  bemi/l  artenile  distilled  at  289°, 
suffering  partial  decomposition.  Although  in  the  case  of  the  fatty 
alcohols  a  drying  agent  in  the  Soxhiet  was  esseotial  to  absorb  the 
water  formed  nnd  to  allow  only  the  alcohols  themselves  to  drop  into 
the  mixture,  no  such  device  was  necessary  with  tlie  phenols,  as 
practically  no  phenol  or  ester  ever  found  its  way  further  than  the 
side  tube  of  the  Stixhlet.  The  water  formed  remained  in  this 
apparatus,  there  being  never  sufficient  volume  of  liquid  produced  to 
cause  the  syphon  attachment  to  come  into  play. 

To  ascertain  if  it  was  possible  to  obtain  these  eaters  \ 
removal  of  the  wat«r  formed  during  the  reaction,  the  sam 
of  phenol,  benzyl  alcohol,  d-,*k-,  and  p-cresol  respectively,  ( 
in  the  previous  experiments,  were  heated   with   arsenious  oxide  in  a 
daak    fitted   with  a  reUux  condenser  only,  but  in  no  case  was  any 
arsenite  formed  in  quantities  sutlicient  to  enable  it  to  be  isolated. 

Method  of  Aiuilygia  for  Eitei-i  of  PItenol  and  its  Homologuei. — To 
determine  the  composition  of  the  esters,  it  was  found  neeeasary  to 
di»lil  them  several  time*  in  order  to  remove  all  traces  of  arsenious 
oxide  which  is  reidity  sijluble  in  them,  iu  some  cases  to  tbe  extent  of 
30  per  cent.  About  3  grams  of  the  eater  were  decomposed  by 
5  c.c.  of  water  and  10  c.c.  of  potassium  hydroxide  (containing  700 
grama  of  potassium  hydroxide  per  litre),  and  the  nhole  diluted  to 
500  c.c.  Two  samples  of  10  c.e,  each  were  taken  lor  analysis  ;  to  one 
■ample  standard  iodine  was  added  in  excess,  shown  by  the  forma' 
tion  of  a  precipitate  of  tri-iodopiiennl  and  the  appearance  of  a  clear 
yellow  solution,  the  temperature  being  kept  at  66".  The  mixture  was 
then  cooled,  acidified  with  sulphuric  acid,  and  diluted  to  500  c.c  with 
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water.  The  excess  of  iodine  in  100  c.c.  of  this  was  titrated  against 
standard  thiosulphate,  using  starch  as  indicator.  The  quantity  of 
thiosulphate  necessary,  multiplied  by  five,  represents  the  quantity  of 
iodine  used.  This  quantity,  subtracted  from  the  original  amount  of 
iodine  added,  gave  the  amount  necessary  to  change  both  the  phenol 
to  tri-idophenol  and  the  arsenious  oxide  to  arsenic  oxide.  To 
determine  the  quantity  of  arsenious  oxide  present  in  the  ester, 
an  excess  of  standard  potassium  dichromate  was  added  to  the  second 
sample  and  this  excess  was  determined  with  standard  ferrous  sul- 
phate. The  ratio  between  the  dichromate  and  iodine  being  known, 
the  number  of  c.c.  of  iodine  equivalent  to  the  amount  of  dichromate 
used  was  found  and  subtracted  from  the  total  iodine  obtained  in  the 
previous  determination,  the  difference  being  the  amount  combined 
with  the  phenol.  From  these  data  the  relative  qu&ntities  of  arsenioos 
oxide  and;phenol,  formed  by  decomposing  the  ester,  were  obtained,  and 
the  compoi>ition  of  the  ester  thus  determined. 

To  test  the  accuracy  of  this  method,  estimations  were  made  with 
weighed  quantities  of  (a)  phenol,  (b)  arsenious  oxide,  (c)  a  mixtore  of 
these. 

(a)  To  0*8826  gram  of  phenol,  5  cc.  of  potassium  hydroxide  (7(K) 
grams  per  litre)  were  added  and  the  whole  diluted  to  250  c.c.  .  .(1) 

Ten  c.c.  of  this  solution  were  found  to  be  equivalent  to  25*75  c.c.  of 
standard  iodine. 

(b)  To  0*5  gram  of  arsenious  oxide,  5  c.c.  of  the  same  potassium 
hydroxide  were  added  and  diluted  to  250  c.c (2) 

Ten  c.c.  of  this  solution  were  found  to  be  equivalent  to  6*5  c.c.  of 
standard  iodine. 

(c)  To  10  c.c.  of  solution  (1),  10  c.c.  of  solution  (2)  were  added  and 
found  to  require  32*30  c.c.  of  standard  iodine. 

Thus  10  c.c.  of  solution  (I)  required  25*75  c.c.  of  iodine,  and  10  cc. 
of  solution  (2)  required  6*50  c.c.  of  iodine ;  in  all  32*25  cc.  as  compared 
with  32*30  c.c.  when  mixed,  a  di£Perence  which  is  well  within  the 
limits  of  experimental  error. 

In  order  to -see  if  arsenious  oxide  can  be  determined  accurately  in 
the  presence  of  phenol  by  means  of  dichromate,  experiments  similar  to 
those  made  with  iodine  were  carried  out  with  it.  Ten  c.c.  of  solution 
(2)  required  6*07  cc.  of  dichromate,  a  mixture  of  10  c.c.  of  (2)  with 
10  c.c.  of  (1)  required  6*09  c.c.  of  dichromate,  or  an  error  of  less  than 
0*3  per  cent. 
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Properties  of  the  Areenites  prep<»red/rom  Phenol  and  its  Homologu  es. 

Phenyl       Benzyl       o-Tolyl  m-Tolyl      ;?-Tolyl 

arsenite.     arsenite.     arsenite.  arseuite.    arsenite. 
Yield  (per  cent.) 

(a)  with  Sozhlet 60              100              96  94              95 

(6)  without  Soxhlet    nil              nil              nil  nil             nil 

Specific  gravity   1*69            1-43              —  1-46            1-46 

Refractive  index  •  —             1-672           _  _              — 

Boiling  point t  under  30  mm..       805"            256'            —  846'             — 

Freezing  point -31"          -36*            _  _              _ 

Colour  yellow         blue    dark  brown  dark  brown  brown 

*  The  blanks  indicate  that  the  refractive  iudez  is  greater  than  1*62098,  the  limit 
of  the  prism  used, 
t  Where  the  boiling  point  is  not  given  it  is  above  360". 


All  these  esters  are  soluble  io  methyl  and  ethyl  alcohols,  ether, 
benzene,  ethyl  acetate,  or  chloroform,  and  are  decomposed  at  once  by 
water. 

This  method  of  esterification  is  being  carried  out  with  arsenious 
oxide  and  the  dihydric  and  trihydric  phenols,  but  the  quantitative 
results  are  not  yet  ready.  A  successful  attempt  has  also  been  made 
to  form  similar  esters  with  hydroxy-acids,  methyl  salicylate  being 
heated  with  arsenious  oxide.  The  products  of  the  reaction,  namely, 
water  and  an  oil,  were  driven  up  into  the  Soxhlet  where  the  latter 
decomposed,  liberating  arsenious  oxide.  The  oil  boils  at  about  the 
same  temperature  as  the  methyl  salicylate  and  has  an  almost 
unbearable  odour.  When  the  dehydrating  agent  is  used  in  the 
Soxhlet  it  is  expected  the  new  ester  will  readily  be  separated. 

Experiments  have  also  been  tiied  with  arsenious  sulphide  in  place  of 
the  oxide  and  a  small  yield  of  an  ester  obtained,  presumably  of  the 
composition  RgAsSg,  but  the  upper  portions  of  the  flask  and  the  con- 
denser became  coated  with  the  orange-coloured  arsenious  sulphide,  show- 
ing that  decomposition  had  occurred.     The  work  is  being  continued. 
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CII. — The  Volumetric  Estimation  0/ Silver. 
By  WiLUAK  Robert  Lano  and  John  Obihs  Woodhousb. 
I>  thia  joarnal  (Lang  and  Allen,  Ttans.,  1907,  91,  1370)  there  was 
daaoribad  an  apparatus  for  the  estimation  of  sulphates  and  salts  o£ 
barium  baaed  on  the  rapid  clearing  of  turbid  solutions  in  narrow 
tnbea.  The  same  apparatus  was  used  to  determine  silver  by  standard 
■odium  obloride  with  a  view  to  improving  on  the  well-known  Gay- 
liosiao  method,  but  gseat  difficulty  was  experienced  in  determining  the 
•nd-pmnt,  th*  silver  solutions  not  clearing  sufficiently  rapidly.    The 
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apparatus  was  therefore  modified  considerably,  with  the  result  that 
estimations  of  silver  were  done  Id  half  an  hour  with  an  average  error 
of  less  than  a-tenth  of  one  pei:  cent. 

The  prinoipal  differences  from  the  former  apparatus  were  tbe  use  of 
6ne  sand  to  retain  the  silver  chloride  precipitate,  the  replacement  of 
the  funnel  hy  a  short  piece  of  tfain-walled  glass  tubing,  which  enables 
the  slightest  opalescence  to  be  easily  observed,  and  the  permanent 
attachment  to  an  eshaust  for  washing  tbe  precipitate  and  solution 
down  tbe  tube. 

A  rubber  cork,  pierced  with  two  holes,  is  inserted  in  a  flask.  A,  of 
about  600  c.c.  capacity.  Through  it  passes  a  tube,  C,  of  about  60  mm. 
diameter,  fitted  with  a  stopcock,  IJ,  and  to  its  upper  end  is  sealed 
about  4  cm.  of  a  thin  test-tube,  f,  of  1 — 1-5  cm.  diameter.  About 
8  cm.  from  the  lower  end  of  the  tube  C,  a  plug  of  glass-wool  ia 
inserted  and  the  remainder  filled  with  sand,  previously  washed  free 


from  impurities.  The  sand  is  held  in  its  place  by  a  second  plug 
of  glass-wool,  and  the  curved  piece  of  tubing,  B,  filled  with  glass-wool 
and  attached  to  C  by  a  small  piece  of  rubber  tubing.  The  curved 
portion  may,  of  course,  be  sealed  on,  but  in  these  circumstances  is 
not  so  readily  filled.  This  prevents  the  back  suction  from  displacing 
the  sand.  Through  the  second  hole  in  the  cork  a  small  piece  of  tubing 
passes,  connected  by  a  length  of  rubber  tubing,  I'.Af,  to  a  three-way 
tap,  H.  J  is  a  small  hand  aspirator  to  force  a  portion  of  tbe  contents 
of  A  up  the  tube  C  for  titration  in  E,  whilst  Ji  leads  to  the  exhaust 
pump.  It  is  advisable  to  have  a  space  between  the  tap  //  and  the 
water  pump,  as  this  ensures  there  always  being  a  ready  vacuum  avail- 
able the  moment  the  connexion  is  made  through  ff  to  the  flask. 

The  first  set  of  experiments  was  made  with  quantities  of  a  solution 
of  silver  nitrate  of  known  strength,  using  A'jlO  sodium  chloride  in 
excess  as  precipitant,  and  titrating  back  with  If/IQ  silver  nitrate.  A 
portion  of  the  silver  solution,  equivalent  to  0'5  gram  of  silver,  \a 
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placed  in  the  fiaak  A  and  diluted  to  about  100  c.c.  with  distilled  water, 
50  c.c.  of  the  iV/lO  sodium  chloride  solution  is  then  run  into  the  flask 
directly,  and  the  whole  heated  to  boiling  to  coagulate  the  precipitated 
silver  chloride. 

iV/IO  Silver  nitrate  is  then  run  in  directly  to  the  solution  and 
precipitate  up  to  within  a  few  c.c,  of  the  calculated  amount  necessary. 
The  rubber  cork  with  its  attachment  is  replaced  and  the  three-way 
tap,  if,  opened,  and  air  dniwn  through  the  solution  for  a  few  minutes. 
This  materially  assists  the  settling  of  the  precipitate.  The  tap  is 
adjusted,  and  by  means  of  the  aspirator,  J,  some  of  the  liquid  and 
precipitate  forced  through  the  layer  of  aand  and  glasa-wool  ♦  into  £, 
which  it  reaches  in  a  perfectly  clear  condition,  the  silver  chloride 
being  completely  retained  by  the  sand.  A  drop  of  iV/IO  silver  nitrate 
is  added,  when  a  precipitate  is  formed,  varying  in  intensity  with  the 
excess  oF  salt  still  present.  The  liquid  and  precipitate  are  then  sucked 
and  washed  down  into  A,  and,  if  the  thickness  of  the  precipitate 
justi6es  it,  about  1  c.c.  of  the  silver  sotution  is  added  directly  to  the 
contents  of  the  flask.  The  stopper  ia  again  inserted,  and  the  operation 
of  forcing  the  mixture  up  into  E,  titrating,  and  washing  down  again, 
continued  until  no  change  is  visible  in  the  clear  liquid,  when  a  drop 
of  the  silver  solution  is  added.  The  thin  waits  of  E  render  the 
faintest  opalescence  readily  observnble,  moi-e  particularly  if  a  corre- 
sponding glass  tube  containing  distilled  water  be  used  for  comparitson. 
The  results  of  the  first  set  of  experiments  are  as  follows  : 

In  each  case,  50  c.c.  of  silver  nitrate  solution  were  employed 
( =0'5  gram  Ag)  and  50  c.c,  of  n  solution  of  sodium  chloride  added, 
each  c.c.  of  which  is  equivalent  to  O'OIOiSl  gram  Ag.  This  corresponds 
with  50-0463  c.c.  N'lXQ  sodium  chloride.  On  titrating  back  and  calcu- 
lating the  amount  of  silver  equivalent  to  the  nett  sodium  chloride 
used  by  the  sample,  the  errors  varied  from  zero  to  +  0-54  per  cent. 
Each  titration  required  twenty  minutes. 

In  order  to  reduce  this  error,  if  possible,  samples  containing  1  gram 
of  silver  were  taken,  100  c.c,  of  sodium  chloride  added  (1  c.c.>a 
0-01081  gram  Ag),  and  the  excess  titrated  back  with  AyiOO  silver 
nitrate  sotution  (table  I). 

As  in  analyses  of  stiver  altoysbyGay-Lussac's  method,  the  precipita- 
tion ia  effected  in  the  preaeuce  of  free  nitric  acid,  a  series  of  experiments 
was  carried  out  to  ascertain  the  effect  of  varying  proportions  of  acid. 
The  volume  of  the  solution  containing  1  gram  of  silver  was  100  c.c. ; 
the  amount  of  acid  varied  from  10  c.c.  to  50  c.c,  and  the  resulting 
errors  from  +0-094  to  -0-216  per  cent.,  the  mean  error  beiog 
—  0-0634  per  cent.,  the  presence  of  the  nitric  acid  thus  tending  to 
make  the  precipitation  more  complete. 

*  Glau-wool  aoil  asbestoa  wore  foaad  to  ba  iaoapable  of  rotaiQing  the  precipitate. 
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Tabli  I. 

A'/lOO-AgUO,        Nott 

Diff.  iu 

used  to  titaU  JV/10-N»C1 

Equiv.  lo 

Ag  found. 

Enw 

back,  in  CO.    tiMd,i>ie.c. 

grams  Ag, 

in  gniing. 

percrat 

72 '00              92-8?2fl 

1-0082 

0  0032 

+  0-32 

78-20              9a'*r28 

0-SB87 

0-0013 

-0-13 

76-06              92-5878 

O-SBSet 

0-00008 

-0-OOfl 

78-20              92-7728 

roots 

0-0019 

+  0-19 

72-30                92-8826 

1-0029 

0  0029 

+  0-28 

or=  +0-288  percent,  mid  0-088  pflroent. 

Mmu  error 

=  0-198  percent. 

ATerago  time 

l»kaa  =  27  ininut«B. 

To  teot  the  uBefulaoss  of  this  apparatus  as  applied  to  the  practical 
estimation  of  Eilver  in  bullion,  the  usual  conditioDS  under  which  this 
is  done  by  the  Gay-Lussac  method  were  adhered  to,  namely,  1  gram 
of  pure  silver  dissolved  in  About  15  c,c.  of  nitric  acid,  100  c.c.  of 
JV/10  sodium  chloride  added,  nnd  the  excess  titrated  with  ^/lOO  silver 
nitrate.  (Wheu  necessary,  any  excess  of  silver  solution  added  was 
titrated  with  A'/lOO  sodium  chloride.) 

The  following  table  contains  the  results  of  these  experimentB,  and 
the  time  taken : 

Tablg  II. 


OramB  Ag  ane-l  to 


A'/100-A«NOj 


Nett 


Diff,  i 


uployed. 

back. in  c 

1-001 

72-00 

I'DOO 

7S-30 

0-9994 

74-75 

1-0018 

73-80 

1-0034 

73  00 

1-0030 

72-30 

1-0035 

72 '30 

-N»CI 

Equiv.  to 

Ag  found. 

Error 

grams  Ag. 

iu  grams. 

jw  cent. 

8920 

1-0032 

0-0008 

-0'08 

7628 

1-0018 

0-0018 

+  0-18 

8176 

1-00027 

0-00087 

+  0-087 

7128 

1-00120 

0-OOOB 

-0-06 

7928 

1-0021 

0-0013 

-0  13 

8620 

l'O029 

0-0001 

-0-01 

8628 

1-0029 

0-0008 

-0-08 

-O-Oflfl 

per  cent,  and  +  0-133  per  cent. 

rcent. 

Average  ti 

met»kou  =  BOn 

inatuB. 

It  m&y  be  added  that  no  excessive  shakittg  up  of  the  mixture  is 
required  other  than  sufficient  to  ensure  proper  mixing  after  each 
addition  of  the  reagent. 
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COPPER  ANODES  IN  CHLORIDE  SOLUTIONS. 

By    Saul    Dushman. 

In  the  following  paper  I  intend  to  give  a  summary  of  an 
investigation  undertaken  with  the  object  of  explaining  the 
anomalous  behavior  of  copi)er  as  anode  in  chloride  solutions. 
Preliminary  experiments  showed  that  copper  dissolved  with  a 
valency  ranging  from  i  to  2,  according  to  the  experimental 
conditions.  It  was  observed  that  in  concentrated  hydrochloric 
acid  solution,  it  dissolved  as  a  univalent  metal,  while  in  more 
dilute  solution  the  valency  was  greater,  and  finally  attained  a 
value  of  2  for  very  dilute  solutions.  The  particular  concentration 
of  hydrochloric  acid  at  which  the  copper  ceased  to  dissolve  as 
purely  univalent  varied  with  the  rate  of  stirring,  rate  of  circula- 
tion, current  density,  and  other  factors.  Increased  stirring  or 
circulation  caused  the  metal  to  dissolve  much  more  as  cuprous, 
while  increasing  the  current  density,  under  otherwise  constant 
conditions,  increased  the  proportion  of  cupric. 

Although  several  hypotheses  could  have  been  made  to  explain 
these  experiments,  the  one  chosen  seems  to  be  in  best  accord 
with  the  quantitative  experiments  descrilxid  below.  It  is  assumed 
that  the  copper  anode  dissolves  by  the  action  of  the  current  in 
such  a  manner  that,  at  the  boundary  between  solution  and  elec- 
trode,  the  chemical  equilibrium  between  the  cupric  and  cuprous 
salts  in  hydrochloric  acid  solution  is  maintained. 

The  investigation  therefore  naturally  divided  itself  into  two 
parts:  (a)  Investigation  of  the  chemical  equilibrium,  (b)  deter- 
mination of  concentrations  at  the  electrode  in  the  electro - 
Ijrtic  experiments.  The  chemical  equilibrium  between  cuprous 
and  cupric  salts  has  been  investigated  by  E.  Abel,*  R.  Luther,* 

^E.  Abel,  Zcit.  f.  Anorg.  Clicm.,  26,  361. 
•B.  Luther,  Zcit.  f.  Physik.  Chcm.,  36,  385. 
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and  Boillaiidcr  ami  Storcbcck."  A  large  number  of  experiments 
performed  by  myself,  in  wbich  tbe  methods  of  analysis  and 
manipulation  were  different  from  any  of  the  alK>vc,  proved  in 
conformity  with  those  uf  the  last  named  authors.  The  equi- 
librium between  copper,  cupric  and  cuprous  salts  in  presence  of 
hydrochloric  acid  is  represented  by  two  equations: 

Cu   +   Cu     -   2  Cu  (0 

c'u   -H  26  =  Cu  CU  (2) 

Bodliinrier  and  Siorhcck  delennined  the  valnes  of  the  constants 

k,  =  (C"u)/(Cu)'  and  k,  =  (CuCl,}/{Cu)  (Cl)=  as  1.4  X  10* 
and  4  X  10',  respectively,  concentrations  being  in  mols  per  litre. 

The  second  part  of  tbe  investigation  had  for  its  object  the 
detennination  of  the  concentration  at  ibe  anode  during  the 
electrolytic  ex]jerinients.  so  that  tlie  values  of  k,  and  k,  might 
be  calculated  from  these  and  compared  with  those  obtained  from 
the  equilibrium  exjieriinent.  Fig.  i  is  a  diagram  of  the  electro- 
lytic cell  used.  It  consisted  of  two  porous  cylinders,  P,  and  P,. 
between  the  ebonite  discs,  E  K,  two  concentric  glass  cylinders, 
L  and  M,  also  held  between  ebonite  discs,  and  a  rotating  copper 
anode.  A.  making  contact  with  a  shaft  and  holder,  H,  To 
prevent  liquid  from  entering  within  the  anode  tube,  two  ebonite 
plugs  (the  lower  of  these  having  a  glass  Tip,  T)  were  provided 
with  threaded  holes,  so  thai  they  could  be  tightened  against  the 
copper,  as  shown  in  the  diagram.  The  tube  could  therefore  be 
taken  off  the  plugs  and  weighed.  Its  area  was  about  40  square 
centimetres.  A  rubber  tube,  with  stopper,  S,  fitted  over  the 
upper  plug.  The  electrolyte  entering  B  passed  between  the  two 
porous  cylinders,  through  holes  in  the  center  disc,  E,  and  the 
glass  cylinder,  M,  and  up  and  around  the  anode,  leaving  by 
means  of  the  exit  tube,  D.  The  cathode  consisted  of  a  platinum 
gauze,  C,  attached  around  the  discs  E.  The  different  parts  were 
cemented  together.  Cork  wedges  between  the  discs  and  the  glass 
container,  F,  prevented  any  lateral  motion  of  the  discs  when  the 
anode  was  set  rotating. 

Since  hydrochloric  acid  containing  air   in   solution   dissolves 
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copper  even  without  current,  the  sohition  to  be  electrolyzed  was 
always  freed  from  air  by  exhaustion,  and  then  saturated  with 
carbon  dioxide.  Blank  experiments  showed  that  in  such  a  solu- 
tion the  copi^er  dissolved  only  very  slightly.  A  large  bottle  filled 
with  stock  solution  was  permanently  connected  with  a  carbon 
dioxide  generator,  and  as  the  solution  ran  out  into  the  cell, 
the  gas  took  its  place.  After  circulating  through  a  cell  once, 
the  electrolyte  passed  into  a  measuring  cylinder,  and  was  then 


discarded.  A  copper  coulometer  and  ammeter  were  placed  in 
series  with  the  cell.  During  the  experiment,  the  rates  of  circula- 
tion and  stirring  were  kept  nearly  constant,  the  average  speed  of 
rotation  being  about  1,500  per  minute  in  all  the  experiments. 

Now  we  shall  consider  how,  by  means  of  such  an  arrangement, 
we  can  calculate,  in  a  simple  manner,  the  concentrations  at  the 
electrode,  for  these  are  evidently  different  from  those  in  the 
solution  at  a  distance  from  the  electrode. 

In  Fig.  2,  let  OA  represent  a  section  of  the  electrode,  whose 
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area  is  S.  Let  OX  represent  the  distance  from  the  electrode.  It 
has  been  shown  by  Nernst  and  Brunner  that  in  a  rapidly  stirred 
solution  the  diffusion  is  limited  to  a  very  thin  layer  close  to 
the  electrode,  the  thickness  L  decreasing  with  increasing  rate 
of    rotation.      Outside   this    layer,   the    solution    is   of    uniform 

composition.  The  concentrations  of  Cu,  for  example,  at  the 
electrode  and  in  the  solution  are  represented  by  OC  and  Be, 
respectively.  Owing  to  the  circulation  of  the  electrolyte,  the 
concentration  in  the  solution  rapidly  attains  the  constant  value 
Be,  and  the  distribution  of  concentrations  in  the  layer  is  given 
by  the  line  Cc.  Now  since  all  the  concentrations  remain  constant 
during  the  electrolysis,  it  is  evident  that  the  following  relation 
exists  between  OC  and  Be: 

The  amount  of  cupric  ion  entering  the  layer  in  any  time  is 
equal  to  the  amount  diffusing  out  into  the  solution,  together  with 
the  a'mount  transported  in  the  same  time,  Or 

ait  __     D  S   t  (C-c)      ,  nit 


2    X     96540  L  2     X    96540 

where  a  =  fraction  of  current  used  to  produce  cupric  ion, 

i  =  current  in  amperes, 

t  =  time  in  seconds, 
D  =  diffusion  constant  in  cms/sec, 

n  =  transport  number  of  ion  in  the  solution. 
Since   c  =  ait/2  X  96,540  V  where  V  =  volume  in  cc, 


C=^ 


2    X 


L^__   /  '       4-     L  (I  -n)\ 
96540  V  V  D  S  t    / 


Similar  equations  hold  for  the  other  ions  in  the  solution. 

The  thickness  of  the  layer  was  determined  by  two  different 
methods,  and  both  gave  approximately  the  same  result.  It  was 
aix)ut  6  X  io~*  cms.  The  diffusion  constants  were  calculated 
from  the  mobilities  by  means  of  Nernst's  formula  as  modified 
by  Bose.  The  fall  in  concentration  in  the  layer  was  found  to 
be  very  large.     Thus,  in  one  experiment  with  N/200HCI,  the 

concentration  of  Cu  at  the  electrode  was  0.8  X   lO"*,  while  in 
the  solution  it  was  0.3   X    lO"'.     In  different  experiments,  in 
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which  the  concentrations  of   HCI,   Cu,  Cu   and   CuClj   varied, 

••  • 

the  value  of  the  constant  kj  =  (Cu)/(Cu)*  was  nevertheless 
very  fair,  being  about  0.3  X  10*,  instead  of  1.4  X  10*,  as  deter- 
mined by  Bodlander  and  Storbeck. 

However,  considering  the  various  assumptions  on  which  these 
calculations  have  been  made,  I  consider  the  agreement  fair. 
Experiments  are  still  in  progress  by  which  I  hope  to  obtain  more 
accurate  results,  but  the  data  so  far  obtained  seem  to  emphasize 
this  point:  By  the  assumption  of  instantaneous  equilibrium  at 
the  boundary  between  anode  and  solution,  the  apparently  erratic 
results  are  reduced  to  agreement  with  Faraday's  Law. 

Electrochemical  Laboratory, 
University  of  Toronto. 
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THE  EFFECT  OF  FERRIC  vSALTS  ON  THE  RATE  OF 

OXIDATION  OF  FERROUS  SALTS,  AND  ON  THE 

CATALYTIC  ACTION  OF  THE  LATTER. 


BY   W.    F.   GREEN 

Experiments  carried  out  in  this  laboratory  by  Miss  C.  C. 
Benson  in  1902- 1904*  showed  that  the  oxidation  of  ferrous 
sulphate  by  chromic  acid  is  much  retarded  by  the  presence  of 
ferric  salts,  and  that  the  catalytic  action  of  ferrous  salts  on  the 
oxidation  of  iodides  by  chromic  acid  is  likewise  greatly  dimin- 
ished by  the  same  reagent. 

In  the  hope  of  throwing  light  on  this  remarkable  case  of 
negative  catalysis,  I  have  studied  the  effect  of  ferric  salts  on 
the  rate  of  oxidation  of  ferrous  salts  by  chloric  acid  and  by 
oxygen  and  on  the  rate  of  oxidation  of  iodides  by  chloric  acid 
and  by  bromic  acid  in  the  presence  of  ferrous  salts. 

I.    Oxidation  of  ferrous  chloride  by  chloric  acid 

The  rate  of  this  reaction  has  been  studied  by  Noyes;* 
no  effect  of  the  ferric  salt  on  the  rate  is  apparent  in  his  re- 
f  suits;  direct  measurements,  however,  were  undertaken  to  make 

sure. 

The  measurements  were  carried  out  in  stoppered  bottles, 
under  carbon  dioxide,  in  a  thermostat  at  30°  C.  as  described 
by  Noyes.  The  volume  of  the  reacting  solution  was  250  cc  in 
each  case.  The  solution  of  ferrous  chloride,  free  of  ferric, 
contained  0.4148  equivalent  (52.60  grams  FeCl,)  per  liter; 
the  potassium  chlorate  0.500  equivalent  (10.21  grams  KCIO,) 
per  liter;  while  the  hydrochloric  acid  was  1.022  normal, 
and  the  permanganate  used  in  titration  was  0.122  normal. 

The  reagents  were  present  in  almost  equivalent  quan- 
tities, and  from  the  results  of  the  measurements  the  *' con- 
stant" K    of    the  kinetic  equation  dx/rf/ =  K(A  —  x)'  was 


•Jour.  Phys.  Chetn.,  7,  1,  356  (1903)- 
»  Zcit.  phys.  Chcm.,  22,  210  (1897). 
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calculated,  in  which  A  represents  the  geometrical  mean  of 
the  numbers  of  equivalents  of  the  three  reagents  present  at 
the  moment  /  =  o.  In  order  to  avoid  "initial  disturbances,** 
the  time  of  the  first  analysis  was  taken  as  zero  for  /  and  for  x, 
the  composition  of  the  solution  at  that  moment  being  calcu- 
lated from  the  known  quantities  of  the  stock  solutions  used  in 
making  it  up,  and  the  result  of  the  first  analysis. 

At  the  head  of  each  table  is  given  the  number  of  equiva- 
lents of  each  reagent  per  liter  at  /  ■»  o;  under  /  the  time  from 
the  first  titration  in  minutes;  under  "titration**  the  number  of 
cubic  centimeters  of  permanganate  used  in  titrating  25  cc  of 
the  reacting  solution;  under  D  the  differences  from  the  last 

o  122  D 
column;  under  x  =  — the  equivalents  of    ferrous    salt 

oxidized  per  liter;  and  under  K  the  constant  calculated  as 
explained  above. 

The  reacting  solution  of  Table  i  contained  initially  only 
the  trace  of  ferric  salt  formed  in  the  two  minutes  which  elapsed 
between  the  time  of  mixing  and  the  first  titration.  The 
solutions  of  Table  2  contained  20  grams  ferric  ammonium 
alum  per  liter ;  that  of  Table  3 ,  40  grams  of  the  alum ;  and 
that  of  Table  4,  64  grams.  The  values  of  K  are  practically 
the  same  for  all;  in  other  words  the  ferric  salt  exerts  no  ap- 
preciable retarding  influence  on  the  rate. 


Table  i 
Fe"  =  0.1 1 69,  Chi  =  0.0925,  Ac  =  0.0947,  (A  =  0.1008),  Fe'"  =  o 


Number 

T 

Titration 

D 

X 

K 

I 

0 

2395 

— 

2 

13 

19.10 

4.85 

0.0237 

0.054 

3 

30 

15.90 

8.05 

0.0393 

0.056 

4 

45 

14.22 

9.73 

O.O475 

0.056 

5 

60 

13-05 

10.90 

0.0532 

0.058 

6 

90 

11.45 

12.50 

0.0610 

0.060 
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Table  2 
Fe"  -  0.1 179,  Chi  -  0.0935,  Ac  =  0.0957,  (A  -  0.1018),  Fe'"  -  0.0416 


Number 

T 

Titration 

D 

X 

K 

I 

0 

24  15 

2 

12 

20.10 

4.05 

0.0198 

0.045 

3 

30 

16.65 

7.50 

0.0366 

0.048 

4 

45 

14.77 

9.38 

0.0458 

0.051 

5 

60 

13.48 

10.67 

0.0521 

0.053 

6 

90 

11.80 

12.35 

0.0603 

0.056 

Table  3 
Fe"  =»  o.  1 152,  Chi  =  0.0908,  Ac  =  0.0930,  (A  =«  0.0991 ) ,  Fe'" ««  0.0832 


Number 

T 

Titration 

D 

X 

K 

I 
2 

3 
4 

0 

31 
60 

93 

23.60 
16.15 

13.50 
11.50 

7.45 
10.10 

12.10 

0.0364 
0.0493 
0.0591 

0  048 
0.049 
0.057 

Table  4 
Fe"—  0.1145,  Chi —0.0901,  Ac =0.0923,  (A— 0.0984),  Fe'"«  0.1330 


Number 

T 
0 

Titration 

D 

X 

K 

I 

23.45 

— 

— 

2 

31 

15.85 

7.60 

0.0370 

0.051 

3 

60 

13.00 

10.45 

0.0510 

0.055 

4 

93 

11.00 

12.45 

0.0608 

0.063 

II.  Oxidation  of  ferrous  sulphate  by  oxygen 

This  reaction  was  studied  here  by  Mr.  J.  W.  McBain  in 
1 90 1.*  I  used  the  method  of  working  and  of  analysis  de- 
scribed by  him,  and  his  apparatus  for  the  preparation  and 
storage  of  the  solution  of  oxygen,  which  was  saturated  with 
the  gas  at  15.5°  C  and  758  mm  barometer.  The  ferrous 
sulphate  solution  was  freed  from  ferric  salt  by  barium  carbonate 


*  Jour.  Phys.  Chem.,  5,  623  (1901). 
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as  described  by  Miss  Benson;*  it  was  kept  under  carbon 
dioxide  and  gave  no  red  color  with  potassium  sulphocyanate. 

In  every  case  the  reacting  solution  contained  200  cc  of 
1.05  normal  sulphuric  acid*  and  200  cc  oxygen  water  per 
liter;  the  amounts  of  ferrous  sulphate  and  ferric  chloride  in 
mols  per  liter  are  given  at  the  head  of  each  table.  All  ex- 
periments were  carried  out  at  30°  C. 

The  standard  solution  used  for  comparison  in  the  colorim- 
eter was  made  up  fresh  for  each  experiment,  by  mixing  a  solu- 
tion containing  0.0966  gram  FeCl,  per  liter  of  normal  sul- 
phuric acid,  with  its  own  volume  of  an  aqueous  solution  of 
ammonium  sulphocyanate  containing  47.5  grams,  of  the  salt 
per  liter. 

In  making  an  analysis,  25  cc  of  the  reacting  mixture  w^ere 
added  to  12.5  cc  of  the  ammonium  sulphocyanate,  and  to  this 
(except  in  the  case  of  Table  5)  50  cc  of  water  were  added ; 
1 5  cc  of  the  colored  solution  so  prepared  were  placed  in  the 
colorimeter  tube.  Twenty -five  cc  0.00459  normal  ferric 
chloride  thus  treated  matched  14  mm  of  the  standard  color 
if  the  50  cc  water  had  been  added,  52.5  mm  if  it  had  not. 
In  Tables  5  and  6  each  analysis  was  made  from  the  contents 
of  a  separate  stoppered  bottle ;  in  Tables  7  and  8  samples  were 
pipetted  from  a  larger  quantity. 

In  Tables  5  and  6  the  differences  are  entered  imder 
"amoimt  oxidized'*  in  the  last  column.  Their  equality  shows 
that  the  ferric  salt  has  no  influence  on  the  rate.  In  the  ex- 
periments of  Tables  7a  and  8a,  immediately  before  the  second 
analysis,  ferric  chloride  was  added  to  the  reacting  solution 
in  such  quantity  that  the  amount  added  per  liter  was  equal 
to  the  amount  added  per  liter  to  the  solutions  of  76  and  86 
respectively  at  the  beginning  of  the  experiment.  The  agree- 
ment between  the  results  of  the  last  three  analyses  in  Tables 
7a  and  b  and  8a  and  b  respectively  shows  that  the  presence  of 
ferric  chloride  during  the  first  seventeen  hours  of  the  reaction 
had  no  effect  on  the  rate. 

*  Jour.  Phys.  Chem.,  7,  5  (1903)- 

*  Except  Table  5B  where  250  cc  acid  was  used. 
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Table  5 
5(«)  5(^) 

Fe'"-  o,  Fe"=  0.229  Fe'"=  0.0119,  Fe"=»  0.229 


No. 

Time 
Hrs.    Min. 

Reading 
in  mm. 

Amount 
oxidized 

18.5 

30.5 
550 
59.0 

No. 

I 
2 

3 

4 
5 

Time 
Hrs.    Min. 

I 

2 

3 
4 
5 

0        07 

3        02 

5        33 

23        25 

28        06 

5.0 

23- 5 
35.5 
60.0 

i    64.0 

0        07 
3         02 

5        33 
2.^        25 
28        06 

Reading  I  Amount 
in  mm.  I  oxidized 


7.5 

275 

36.5 

59.5 
68.0 


20.0 
29.0 
52.0 
60.5 


No. 


I 

3 

3 
4 


Table  6 


6(a) 
Fe"'-o,  Fe"- 0.2384 


o 

I 

30 

70 


08 

50 
00 

25 


Fe 


/// 


Reading 
in  mm. 

Amount 
oxidized 

No. 

0.0 

I 

50 

50 

2 

11. 0 

II. 0 

3 

11.5 

"5 

4 

6{d) 
0.0119,  Fe"—  o  2384 


Time 
Hrs.    Min. 

Reading 
in  mm. 

Amount 
oxidized 

0        07 

12.0 

I         50 

16  0 

4.0 

20        00 

21.0 

9.0 

70         25 

23.5 

11.5 

Table  7 
7(«) 
No.  I.  Fe'"-o;  No.  2,  Fe'"- 

0.0238;  Fe"- 0.2384       Fe'" 


7W 


0.0238,  Fe"=»  0.2384 


No. 


I 

2 

3 
4 


Time 
Hrs.    Min. 

Reading 
in  mm. 

0.0 

34.5 

48.5 
88.0 

No. 

0         03 
17         30 
22         54 
43         15 

I 
2 

3 

4 

Time 
Hrs.    Min. 


O 

17 
22 

43 


06 

35 
54 
15 


Reading 
in  mm. 

17.0 

345 
48.0 

89.0 
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Table  8 

No.  I,  Fe'"=o;No.  2.  Fe'"  = 

0.0238 ;  Fe"  =  o.  1907      'Fe'" 


8(^) 
0.0238,  Fe"=  0.1907 


No. 


I 

2 

3 
4 


Time 
Hrs.    Min. 


O 
17 

22 

43 


03 

50 

49 
18 


Reading 
in  mm. 


0.0 

41.5 

49.5 
68.0 


No. 


I 

2 

3 


Time 
Hrs.    Min. 


O 

17 
22 

43 


04 
50 

49 

18 


Reading 
in  mm. 

20.0 
42.0 

51.0 
68.0 


III.  Catalysis  of  the  reaction  between  chloric  and  hy- 

drlodlc  acids 

This  reaction  has  been  studied  here  by  Mr.  W,  C.  Bray 
in  1902-3.* 

He  found  that  addition  of  a  little  ferrous  salt  greatly 
accelerated  the  rate.  I  have  measured  the  effect  of  ferrous 
and  ferric  salts  on  the  iiate,  and  also  the  effect  of  ferric  salt 
on  the  catalysis  by  ferrous. 

In  my  experiments  I  followed  Bray,  working  in  stoppered 
bottles  under  carbon  dioxide  at  30°  C.  In  every  case  the 
total  volume  of  the  reacting  solution  was  250  cc,  containing 
initially  50  cc  of  normal  hydrochloric  acid,  50  cc  of  normal 
potassium  iodide,  and  10  cc  half -normal  potassium  chlorate 
(P-  389) ;  the  iron  is  given  at  the  head  of  the  tables,  the  tmit 
being  55.9  grams  iron  (ferrous  or  ferric)  per  liter.  Fifty  cc 
were  removed  for  analysis,  and  titrated  with  himdredth- 
normal  thiosulphate.  In  calculating  the  constant  K  =  i// 
log,o  (A /A  —  a)  the  time  of  the  first  titration,  made  within 
one  minute  of  adding  the  iodide,  was  taken  as  ^  =  o;  the 
amount  of  this  titration  was  subtracted  from  all  subsequent 
readings  before  entering  them  in  the  tables,  and  from  50.00 
to  give  the  value  of  A. 

The  results  show  that  the  reaction  is  greatly*  accelerated 
by  both  ferrous  and  ferric  salts;  that  the  acceleration  is  prac- 
tically equal  for  equal  amounts  of  iron  independent  of  it.s 


*  Jour.  Phys.  Chem.,  7,  92  (1903). 
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state  of  oxidation ;  and  that  in  solutions  containing  both  ferrous 
and  ferric  salt,  the  effects  of  the  two  are  additive.  The 
presence  of  ferrous  salt  in  the  solution  of  Table  12,  after  stand- 
ing for  twenty-fctu-  hours,  was  shown  by  potassium  ferri- 

cyanide. 

Tables  9  and  10 
9  10 

Fe  =  o,  Fe"  =  o.  0005 . 


No. 

/ 

I 

0.0 

3 

350 

3 

97.0 

4 

1200.0 

A— .r 

K 

No. 

/ 

A  —  x 

K 

50.0 

— — 

I 

0.0 

49.75 

00 

O.I 

0.000034 

2 

35.0 

48.00 

0.00045 

0.3 

0.000018 

3 

95.0 

45.00 

0.00046 

1.52 

O.OOOOIl 

4 

116.0 

44.20 

0.00044 

5 

1 197.0 

13.80 

0.00046 

TaDLES    II    AND    12 


II 

Fe'"  =  0.0005 


12 


Fe^  =  o  ooo5»  Fc""  =  o  0005 


No. 

/ 

A  —  x 
44.30 

K 

No. 

/ 

A  —  x 
44.4 

K 

I 

0.0 

I 

0.0 

2 

30.0 

43.00 

0.00043 

2 

15.0 

43.0 

0  00093 

3 

77.0 

40.30 

0.00053 

3 

30.0 

41.5 

0.00098 

4 

90.0 

39.65 

0.00054 

4 

450 

40.2 

0.00096 

5 

1 1 59.0 

7.15 

0  00060 

5 

62.0 

38.9 

0.00091 

6 

92.0 

36.6 

0.00091 

7 

105.0 

35.3 

0.00095 

8 

150.0 

33.2 

0.00085 

Tables  13  and  14 


13 
Fe"  =  o.ooi 


14 
Fe'"  =  0.00 1 


No. 

/       ! 
0.0 

A~x 

48.40 

K 

1 

No. 

0.0 

A  —  x 

K 

I 

1      I 

44  50 

2 

150 

46.95 

0.00087 

2 

150 

43- 'O 

O.COO93 

3 

30.0 

45.40 

0.00092 

3 

30.0 

41.70 

0  00094 

4 

45.0 

44.00 

0.00092 

1     4 

45  0 

40.15 

0  00100 

5 

62.0 

42.40 

0.00093 

5 

62.0 

3865 

0.00099 

6 

92.0 

3990 

0  COO91 

6 

92.0 

36.10 

o.coc^99 

7 

105.0 

38.90 

0  00090 

7 

105.0 

35.00 

0  00C99 

8 

150  0 

35.45 

0.00090 

8 

150  0 

31.45 

0.001 01 
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W,  F.  Green 


IV.  Catalysis  of  the  reaction  between  bromic  and  by- 

driodic  acids 

This  reaction  has  been  studied  here  by  Mr.  Clark*  in  1 904-5, 
and  I  followed  his  method  of  working,  mixing  the  iron  salts 
with  the  iodide  and  acid  before  adding  the  bromate. 

In  each  experiment  the  total  volume  of  the  reacting 
solution  was  250  cc,  containing  10  cc  decinormal  potassium 
iodide,  20  cc  decinormal  hydrochloric  acid,  and  10  cc  deci- 
normal potassium  bromate  (one  sixtieth  formula  weight  per 
liter);  the  iron  present  is  given  at  the  head  of  each  table  in 
formula-weights  Fe  (ferrous  or  ferric)  per  liter.  In  each 
experiment  the  temperature  was  30^  C,  and  the  duration  of 
the  reaction  thirty  minutes.  The  numbers  in.  the  tables  give 
the  volume  (cubic  centimeters)  of  hundredth-normal  arsenite 
oxidized  in  two  or  four  duplicate  experiments,  the  total  reduc- 
tion of  the  bromate  corresponding  to  100  cc  arsenite. 

Except  where  the  presence  of  large  amounts  of  ferric  salt 
interfere  with  the  titration,  the  results  of  the  duplicates  are 
in  fair  agreement;  they  show  that,  as  in  the  case  of  chloric 
acid,  equal  weights  of  ferrous  and  ferric  iron  have  the  same 
effect  on  the  rate,  and  that  in  mixtures  as  well  the  acceleration 
depends  only  on  the  total  amount  of  iron  present. 

Table  15 
/  =  30.     Readings  in  cc.  of  n/ioo  sodium  arsenite 


• 

0 

0 

II 

Hi 

I 

4.86 

2 

4.95 

3 

— 

4 

— 

Fe"  =  0.U002 
per  liter 


Fe'"=o.oooi 
per  liter 


8.92 
8.94 


8.86 
8.83 


Fe"  =  0.0004 
per  liter 


11.67 
11.92 
11.65 
11.89 


Fe'"=  0.0002 
per  liter 


9.80 
11.32 
10.94 
10.24 


Fe"  =  0.0002 

Fe'"=  o.oooi 

per  liter 


10.04 
10.83 

10.45 
10.44 


Conclusion 

* 

The  oxidation  of  ferrous  salt  by  chloric  acid,  and  by 
oxygen,  is  not  retarded  by  addition  of  ferric  salt;  neither  is 
the  catalytic  action'  of  ferrous  salt  on  the  oxidation  of  hy- 


*Jour.  Phys.  Chcm.,  10,  679  (1906). 
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driodic  acid  by  chloric  or  bromic  acids.  Th^  negative  catalysis 
which  ferric  salts  exert  on  the  oxidation  of  ferrous  salts  by 
chromic  acid,  and  on  the  liberation  of  iodine  in  solutions 
containing  ferrous  salt,  chromic  and  hydriodic  acids,  thus 
stands  alone. 

Ferric  salt  is  without  effect  on  the  rate  of  oxidation  of 
ferrous  salt  by  chloric  acid  and  by  oxygen.  Both  ferrous  and 
ferric  salts  accelerate  the  liberation  of  iodine  in  solutions 
containing  chloric  or  bromic  acid  and  hydrogen  iodide,  the 
rate  depending  merely  on  the  amount  of  iron  present,  and  not 
on  its  state  of  oxidation. 

These  measurements  were  carried  out  at  the  suggestion  of 
Prof.  W.  Lash  Miller  in  the  winter  of  1904-5. 

TTie  University  of  Toronto, 
Chemical  Laboratory, 
March,  1908. 
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LOSS  OF  CARBON  DURING  SOLUTION  OF  STEEL 
IN  POTASSIUM  CUPRIC  CHLORIDE. 

BY   E.   P.    MOORE   AND  J.   W.   BAIN. 

There  has  been  much  uncertainty  as  to  whether  carbon 
is  lost  by  the  evolution  of  gaseous  hydrocarbons  during 
the  solution  of  steel  in  acid  potassium  cupric  chloride 
solution  when  this  method  is  used  for  the  determination 
of  carbon  in  that  metal.  Dillner(i)  remarks,  "  As  is 
well  known  and  as  has  been  pointed  out  on  several 
occasions  by  various  authorities,  there  is  always  an 
evolution  of  hydrocarbon  gase»  when  steel  dissolves 
in  copper  chloride,  which  escape  "  ;  accounting  in  this 
way  for  the  lower  results  obtained  from  the  indirect 
processes.  He  also  refers  to  some  observations  made 
oy  Ledebur(2),  but  unfortunately  the  publication  was 
inaccessible.  Arnold  (^)  states  that  he  has  seen  distinctly 
bubbles  rising  through  the  liquid  during  the  solution  of 
steel  in  copper  chloride. 

The  problem  has  hitherto  been  attacked  from  the 
following  standpoint.  Samples  of  steel  are  dissolved 
in  various  solvents  of  vanous  concentrations  and  the 
carbon  estimated  as  usual.  The  highest  percentage 
obtained  is  selected  as  a  standard  and  the  discrepancies 
between  this  and  the  other  results  are  ascribed  to  losses 
during  solution.  True,  these  results  are  confirmed  by 
determinations  made  by  the  volatilisation  of  ^e  iron  by 
chlorine  or  by  direct  combustion,  but  even  in  these  cases 
the  uncertainty  of  a  numerical  difference  between  two 
results,  each  burdened  with  experimental  errors,  is  obvious. 
For  these  reasons  it  appeared  to  be  desirable  to  determine, 
by  a  direct  process  if  possible,  whether  any  carbon  was 
lost  during  the  solution  of  iron  or  steel  in  the  solvent 
so  commonly  used — potassium  cupric  chloride. 

The  following  apparatus  was  used  (see  figure) : — 
A,  A  drying  tower  filled  with  potassium  hydroxide  in 
sticks.  B,  An  absorption  bulb  filled  with  potassium 
hydroxide  solution.  C,  An  absorption  bulb  filled  with 
barium  hydroxide  solution.  D,  A  Rheindorf(A)  fiask  for 
estimation  of  carbon,  immersed  in  a  water  bath  maintained 
at  a  temperature  of  65°  C.  E,  A  piece  of  combustion 
tubing  filled  with  cupric  oxide,  heated  to  redness  in  a 
small  gas  furnace.  F,  A  ten  bulb  absorption  apparatus 
charged    with    barium    hydroxide.     G,  A    small    thistle 


4  THE   80G1BTY    OF  OHIMIOAL  JNDU8TBT. 

tube  sealed  to  a  glass  T  as  shown.  H,  A  stock  bottle 
containing  barium  hydroxide.  I,  A  suard  tube  filled 
with  soda-lime.  The  introduction  of  barium  hydroxide 
into  the  absorption  bulb  is  the  only  feature  which  calls 
for  remark.  A  current  of  air  free  from  carbon  dioxide 
having  been  drawn  through  the  bulb,  F,  for  some  time, 
a  suitoble  quantity  of  barium  hydroxide  solution  was 
siphoned  over,  being  clarified  in  transit  by  passing  through 
a  filter  of  ignited  asbestos  (not  shown).  In  the  first 
experiments  a  slight  precipitate  formed  on  the  inner 
surface  of  the  delivery  tube  which  protrudes  into  the 
bulb,  F  ;  bv  pouring  into  the  funnel,  G,  a  small  quantity 
of  recently-'boiled  distilled  water  and  allowing  it  to  wash 
down,  it  was  found  that  this  could  bo  entirely  avoided. 

The  fiask,  D,  was  charged  with  a  solution  of  potassium 
cupric  chloride  made  by  dissolving  300  grms.  of  the  salt 
in  1  litre  of  water  and  adding  75  c.c.  of  concentrated 
hydrochloric  acid.  Blank  tests  were  made  by  nlaoing 
in  the  flask,  D,  the  quantity  of  potassium  cupric  onloride 
solution  usually  employed,  and  after  aspirating  for  some 
time  to  clear  the  apparatus  of  carbon  dioxide,  filling 
the  bulb,  F,  with  barium  hydroxide  solution,  and  -jpro- 
ceeding  to  heat  the  flask,  D,'to  05^  C.  After  aspirating 
for  two  hours,  in  no  case  was  there  more  than  a  very 
faint  cloud  of  barium  carbonate  to  be  observed  in  the 
tube,  F ;  efiforts  were  made  to  collect  and  weigh  this 
precipitate,  but  without  success.  Three  grms.  of  steel 
were  then  placed  in  the  solution  flask,  200  c.c.  of  potassium 
cupric  chloride  solution  added,  and  the  water  bath 
maintained  at  a  temperature  of  65**  C. ;  air  was  also 
slowly  aspirated  through  the  apparatus,  the  cupric 
oxide  having  been  previously  brousnt  to  red  heat.  When 
the  steel  had  dissolved  completely,  the  ten  bulb  tube 
was  removed,  and  a  stopper  carrying  a  soda-lime  tube 
placed  immediately  in  the  larger  end,  while  the  other 
opening  was  connected  by  rubber  tubing  to  the  glass 
tube  in  the  cork  of  a  filtering  funnel.  The  banum 
carbonate  was  transferred  as  completely  as  possible  to 
the  filter  and  washed  with  recently -boiled  distilled  water  ; 
the  absorption  tube  and  the  filter  were  then  treated 
with  dilute  hydrochloric  acid,  the  asbestos  filtered  off, 
and  the  barium  precipitated  as  sulphate  and  weighed. 

Two  samples  of  steel  were  employed ;  the  one  con- 
taininff  0-663  per  cent,  of  carbon,  tne  other  1'18  per  cent. 
Four  oeterminations  were  made  on  each  of  these,  3  grms. 
being  used  in  each  case ;  the  results  are  expresseid  as 
gnus,  of  carbon  escaping  from  the  flask. 


0^68  per  cent.  Steel.         |         1-18  per  cent.  Steel. 


grm. 
0-0017« 
(HX)112 
<H)0142 
0-00150 


Mean   0-00147 

Lots  on  1  grm.  0KXM>6 


grm. 
0-00115 
0-00121 
0-00100 
0-00108 

0-00110 

0-0004 
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In  the  cmse,  therefore,  of  the  0-6S3  per  cent,  steel,  a 
quantity  of  carbon  corresponding  to  0O5  per  cent,  has 
been  lost  during  solution,  making  the  true  percentage 
0*703 ;    with  the  other  the  true  percentage  will  be  1-22. 

These  losses  are  comparatively  large,  althoagh  not 
much  greater  than  some  of  the  discrepancies  between 
the  results  obtained  by  various  membo^B  of  the  Inter- 
national Committee.  In  view  of  the  diflSculties  in 
manipulation  the  authors  do  not  profess  that  their  figures 
represent  the  actual  loss,  but  they  believe  that  they  have 
proved  that  a  loss  does  take  place  under  the  conditions 
given  above,  and  also  that  the  amount  approximates 
fatriy  closely  to  the  figures  given. 

(1)  J.  Iron  snd  Steel  Inst..  66.  26S. 

(t)  Yerein  m  Befdrdenmg  der  OewerbfldsMs.  Yois.  6,  7. 

(•)  Steel  Works  Anstyris.  Sod  ed..  p.  29. 

(«)  Zeits.  ancew.  Cbem.,  1904,  467. 
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THR  INDUCTION  BY  FKRROUS  SALTS  OF  THE  RE 

ACTION    BETWEEN    CHROMIC    AND    HYDRI- 

ODIC  ACIDS. 


BY   ROSS  A-   GORTNER 

The  reaction  between  chromic  acid,  ferrous  salts  and 
hydriodic  acid,  studied  here  some  years  ago  by  Miss  C.  C. 
Benson.'  presents  many  points  of  interest  which  invite  further 
investigation :  the  great  influence  of  the  acid  concentration  on 
the  rate,  the  retarding  action  of  ferric  salts,  and  the  observa- 
tion that  less  iodine  is  liberated  per  second  at  30°  C  than 
at  o*  C,  are  all  most  unusual.  Mr.  Green's  work  on  catal- 
ysis by  ferric  salts,  recently  published,'  which  shows  that 
nothing  similar  to  the  retardation  observed  by  Miss  Benson 
is  to  be  met  with  in  the  behavior  of  reactions  otherwise  closely 
analogous,  adds  interest  to  this  exceptional  case. 

My  own  measurements,  described  in  the  present  paper, 
show  that  the  lessened  retardation  observed  when  "aged" 
portions  of  the  oxidation  product  were  added  to  the  reaction 
mixture  is  quantitatively  ascribable  to  the  hydrolysis  of  the 
ferric  salts,  and  that  colloids  and  colloidal  ferric  hydrate 
in  particular  have  but  little  effect  on  the  rate.  Sulphuric 
acid  may  be  replaced  by  hydrochloric  acid  without  chang- 
ing the  general  nature  of  the  results,  but  the  addition  of 
fluorides,  chlorides  or  bromides  retards  the  liberation  of 
iodine  and  accelerates  the  oxidation  of  the  ferrous  salt.  This 
observation  may  be  accounted  for  very  naturally  by  an  ex- 
planation in  keeping  with  Miss  Benson's  Ferroiodion  theory; 
it  may  therefore  be  regarded  as  furnishing  independent  evi- 
dence in  support  of  the  latter.  Miss  Benson's  observation^ 
that  the  rate  of  liberation  of  iodine  at  30°  C  is  less  than  at^ 
o*^  C,  is  confirmed  and  supplemented  by  experiments  which  ' 
show  that  the  rate  of  oxidation  of  the  iron  is  greater  at  the 
higher  temperature. 

■  Jour.  Phya.  Chem..  7,  1  (1903);  7.  35^  {1903):  8,  "(•  (1904). 

■  rttf.,  la,  389  (1908). 
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Method  of  working  and  of  recording  the  results 

In  the  composition  of  the  solutions,  in  the  methods  of 
manipulation,  and  in  the  temperatures  worked  at,  1  closely 
followed  the  details  described  by  Miss  Benson;'  and  after  a 
little  practice  found  that  on  repeating  her  experiments  I 
obtained  identical  results.  In  tabulating  the  measurements, 
also,  the  symbols  and  arrangement  described  on  page  359 
of  the  paper  referred  to  have  been  adopted;'  for  convenience 
it  may  be  repeated  here  that  the  numbers  after  the  symbols 
Ac,  Cr,  KI,  Fe,  arc  very  closely  proportional  to  the  number 
of  equivalents  of  the  various  reagents  present  in  the  reacting 
solution— one  formula-weight  of  bichromate  being  equiva- 
lent to  seven  of  sulphuric  acid  and  to  six  of  ferrous  sulphate 
or  potassium  iodide. 

To  facilitate  reference,  my  tables  and  experiments  are 
numbered    consecutively    with    those    of    Mi.ss    Benson's    last 
paper. 
Effect  of  chlorides,  bromides,  and  fluorides  on  the  rates 

When  hydrochloric  acid  is  substituted  for  sulphuric 
acid  (Table  XXXVI)  llie  rale  of  liberation  oj  iodine  is  some' 
what  rrduceil,  but  still  remains  proportional  to  a  high  power 
of  the  concentration  of  the  acid.  The  retardation  cannot 
be  ascribed  to  the  action  of  the  ferric  salt,  for,  as  is  shown  on 
page  636,  ferric  chloride  and  ferric  sulphate  have  the  same 
effect  on  the  rate;  it  is  explained  by  the  experiments  of  Table 
XXXVII,  which  show  that  addition  of  sodium  chloride,  potas- 
sium bromide,  or  potassium  fluoride  reduces  the  rate  of  libera- 
tion of  iodine;  potassium  sulphate  is  without  effect. 


'  Ac  :o  r«prcsen1s  locc  of  0,059  F  sulphuric  arid  (i.e.,  add  containing 
0.OJ9  loritiula  weights  H,SO,  per  litre);  Cr  10,  10  cc  of  0,0083  F  potasaum  bi- 
chromule  ('"eludiin;  unreduced  hichromale,  if  any,  in  the  oxidation  product): 
KI  10,  10  cc  of  0.0479  Fpotasaum  iodide^  Fe  i,  10  1x0(0.05  F  ferrous  sulphate; 
Ox  5,  the  product  of  oxidation  of  5  cc  of  0,05  F  ferrous  sulphate.  The  durpi- 
tion  of  the  reaction  in  ciinutea  is  entered  in  llie  tables  under  6;  the  number  ul 
CC  of  N/ioo  sodium  arsenite  equivalent  to  the  iodine  liberated,  under  As;  and 
the  number  of  units  of  ferrous  salt  oxidi;!ed,  under  x,  to  co  0.05  F  ferrous 
«R]t  bang  taken  ns  the  unit.     As  -  sy. 

•Jour,  Phys.  Chem.,  j,  357  ('903)- 
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The  measurements  of  Table  XXXVIII'  show  that  the 
tale  of  oxidation  oj  iron  is  increased  by  addition  of  fluoride. 
These  obser\'ations  may  be  explained  ver>'  nattirally  by  as- 
smning  that  the  halogen  and  the  ferro-ion  unite  to  form  a 
complex  FeF'  (analogous  to  the  ferroiodion  Fel'  of  Miss 
Benson's  hj'pothesis)  ;*  this  substance  on  oxidation  would 
>ield  ferric  salt  but  no  iodine,  the  induction  factor  should 
therefore  fall  off  with  increase  in  the  concentration  of  the 
fluoride,  as  observed.  To  account  for  the  increased  rate 
of  oxidation  of  the  iron,  it  is  only  necessary  to  assume  that 
the  complex  FeF'  is  more  rapidly  oxidized  than  Fe^  (or 
Fel'). 

The  effeet  of  colloids  on  the  rate 

The  fact  that  under  certain  circumstances  ferric  hydrate 
can  exist  in  the  colloidal  form,  suggested  experiments  with 
other  colloids.  Agar-agar  in  one-tenth  percent  solution  has 
no  effect.  Egg  albumen,  two-tenths  percent  solution,  re- 
tards the  oxidation,  but  this  is  probably  due  to  its  action 
as  a  weak  base,*  the  retardation  being  fnxiportional  to  the 
amount  oi  albumen  used.  "Dial>'zed  ircm''  TcoUoidal  ferric 
hydrate)  retards  a  little,  but  nothing  like  as  much  as  the 
same  quantity  of  ferric  sulphate  or  chloride — see  Table 
XXXEX. 

On  the  whole,  therefore,  the  colloids  experimented  with 
have  no  retarding  action  to  be  compared  with  that  of  the 
ferric  salts. 

Diminished  retardation  by  ''asred'*  ox.  prod. 

WTien  the  product  of  oxidation  of  ferrous  sulphate  by 
chromic  acid    ox  prod    is  allowed  to  stand,  it  ^adually  de- 


'  The  values  of  r  in  this  arsd  ether  tables  of  this  paper  are  c^b:^r>c\1  by 
interpolation  froin  the  data  of  part  B  of  the  table.  :ls  explaioec  in  thif  V-^uma^. 
7,  pp.  3  and  36^  ^1905". 

•  Undissociated  Felj.  FeF*.  etc..  or  the  cc^rrespondini:  acid?  i:::^:^:  Se  si^- 
sntned;  the  type  of  the  reaction  hc»wever  is  £xed  by  Miss  Benson's  Tnc.-.f;i:!i^- 
rcents.     See  Tocr.  Phys.  Chem.,  11,  o  (1007.  v.  l.   v 

•  Bcr.  cbem.  Gcs-  Berfin,  28,  Ref.  S5S  ii895\ 
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posits  a  yellow  browni  precipitate  and  its  retarding  power  is 
lessened.'  Similar  changes  in  solutions  of  ferric  chloride 
have  been  studied  by  Goodwin,'  who  showed  by  conductivity 
measurements  that  the  "ageing"  of  the  solutions  was  due  to 
hydrolysis.  In  solutions  of  the  strength  of  my  "ox  prod" 
this  hydrolysis  is  accompanied  by  the  formation  of  a  pre- 
cipitate, so  that  the  concentration  of  the  ferric  salt  is  re- 
duced, and  that  of  the  acid  is  increased^ — both  changes  tend- 
ing to  accelerate  the  liberation  of  iodine.  The  experiments 
of  Tables  XL  and  XLl  show  that  the  increased  rate  actually 
observed  when  "aged"  ox  prod  is  used  can  be  completely  ac- 
counted for  if  these  changes  in  acidity  and  ferric  concentra- 
tion are  taken  into  consideration. 

In  these  experiments,  three  ferric  solutions  were  used. 
The  first  was  that  employed  in  most  of  my  work  at  0°  and 
is  referred  to  in  the  tables  imder  the  title  "Ox":  it  was  pre- 
pared fresh  by  making  up  200  cc  acid,  600  cc  biclu^oniate 
and  20  cc  ferrous  sulphate  (the  undiluted  solutions  were 
used)  to  two  liters;  50  cc  contained  the  oxidation  product  of 
5  cc  decinormal  ferrous  sulphate,  and  in  addition,  10  cc 
F/120  bichromate  unreduced,"  but  no  free  acid.  The  second 
was  prepared  from  the  first  by  boiling  for  about  half  a  min- 
ute, filtering  hot  and  cooling;  the  third  was  obtained  by  al- 
lowing some  of  the  first  to  stand  64  diiys  at  room  tempera- 
ture and  filtering.  The  ferric  salt  in  each  of  these  three  was 
detennined  volu metrically,  by  stannous  chloride  and  bi- 
chromate; the  bichromate  was  determined  by  titration  with 
ferrous  sulphate;  and  the  acid  by  adding  excess  of  volumetric 
potassium  hydrate,  and  titrating  back  with  sulphuric  acid 
(without  filtration)  using  methyl  orange  as  indicator.  The 
last  determination  gave  both  the  free  acid  and  that  combined 
with  the  ferric  salt ;  the  latter  was  calculated  from  the  ferric 
determination  and  subtracted.  Fifty  cc  of  each  of  the  three 
preparations  contained  respectively: 

'Jour.  Phys.  Chem.,  7,  361  and  Tabic  15  pp.  384. 
•  Zeil.  phys.  Chcm,,  ai,  1  (1896). 
•Jour.  Phys.  Chem.,  7,  359  {1903). 
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n 


in 


Ferric  salt. 
Bidirofnate 


5.0 

I.O 

lO.O 

10.0 

0.0 

5.0 

2.87 

lO.O 
2.6 


in  the  units  defined  <m  page  633. 

In  Table  XL  the  vohune  and  the  distinguishing  num- 
ber of  the  ferric  solution  used  in  each  experiment  is  given 
under  Ox,  also  the  ferric  salt  and  the  free  acid  contained 
in  it  ("Ac  from  Hydrol");  under  "acid  added*'  is  entered 
the  amount  of  acid  from  the  stock  solution;  the  "total  acid" 
is  obtained  by  adding  the  last  two. 

Hydrolysis  of  the  ferric  solution  (ox  prod)  can  be  com- 
pletely prevented  by  making  it  up  with  excess  of  acid  in- 
stead of  with  excess  of  bichromate;  and  further  experiments 
(Table  XLI)  show  that  an  acid  solution  of  ferric  chloride 
may  be  substituted  without  affecting  the  rates.  The  solu- 
tions used  contained,  in  50  cc : 


Ferric  (sulphate) 
Ferric  (chloride) . 

Free  acid 

Bichromate 


5.0 
0.0 

lO.O 

0.0 


0,0 
5.0 

lO.O 

0.0 


Experiments  at  80.5''  C 

Miss  Benson  has  shown  that  by  titrating  as  directed 
on  page  357  of  her  paper,  the  amoimt  of  iodine  liberated 
by  the  reaction  rnay  be  determined  accurately  if  both  reac- 
tion and  titration  are  carried  out  at  o®  C;  experiments  of  my 
own  confirm  this  conclusion.  At  30®  C,  however,  owing 
no  doubt  to  the  fading  of  the  blue  color  of  iodide  of  starch 
at  high  temperatures,  a  considerable  excess  of  iodine — from 
o .  6  to  o .  8  cc  N/  xoo  iodine  in  the  700  cc  of  solution — is  necessar>' 
to  produce  the  permanent  tint  taken  as  end  point.  WTien 
any  arsenite  v/as  required  in  the  "blank"  experiment  (with- 
out ferrous  salt)  the  same  correction  for  the  end  point  would 
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apply  there;  and  in  these  cases  the  net  arsenite  (after  sub- 
tracting the  "  blank ")  would  be  free  from  error.  When 
"As  =0"  in  the  blank  experiment  however,  i.  e.  when  the 
iodine  liberated  in  the  blank  experiment  was  less  than  enough 
to  give  the  blue  with  starch,  the  numbers  are  too  low.  This 
is  the  case  with  most  of  Miss  Benson's  measurements  from 
Table  XXIV  onward.  I  have  consequently  repeated  the 
determinations  at  30°  C;  the  results  are  contained  in  Tables 
XLV  to  XI.1X.  While  confirming  Miss  Benson's  conclusions 
as  to  the  effect  of  the  concentrations  of  the  various  reagents 
on  the  rate  of  liberation  of  iodine,  they  show  that  the  rate  of 
oxidation  of  the  iron  in  the  solution  is  much  more  rapid  at 
the  higher  temperature,  and  that  in  many  cases  all  the  iron 
is  oxidized  within  two  minutes;  this  result  was  checked  by 
addition  of  potassium  ferricyanide. 

The  correction  for  the  end  point  (which  in  all  the  tables 
has  been  added  to  the  observed  numbers  before  entering 
them  under  "  As '")  is  given  at  the  head  of  each  table;  it  varies 
slightly  from  case  to  case,  and  was  obtained  as  follows:  The 
amounts  of  acid,  bichromate,  and  "ox.  prod."  indicated  at 
the  head  of  the  table  were  mixed  at  30°  C  with  water  and 
ID  cc  of  a  saturated  solution  of  iodine  in  water,  the  ferrous 
sulphate  was  then  added  with  enough  water  to  bring  the 
whole  to  a  volume  of  700  cc;  one  minute  later  ammonium 
bicarbonate  was  added,  then  5  cc  normal  potassium  iodide, 
and  starch,  and  then  N/100  arsenite  to  the  "end  point."  In 
order  to  find  the  arsenite  equivalent  of  the  iodine  employed, 
10  cc  of  the  same  iodine  solution  was  then  added,  and  arsenite 
to  the  end  point  again;  in  every  case  1 .90  cc  arsenite  was  re- 
quired. Table  XLII  shows  that  the  "correction"  does  not 
depend  on  the  length  of  time  the  reacting  solution  remained 
in  the  bath,  loss  of  iodine  from  evaporation  is  therefore  not 
to  be  feared. 

The  induction  faetor  at  0°  and  at  80° 

Miss  Benson  has  shown'  that  the  induction  factor- — or 
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the  number  of  equivalents  of  iodine  liberated  per  equivalent 
of  iron  oxidized — ^varies,  at  o°  C,  from  i .  2  to  i  .8.  To  make 
the  evidence  for  this  as  clear  as  possible,  I  have  calculated 
the  induction  factor,  viz.,  the  fraction  y/x,  from  the  data  of 
her  Table  XVII,  and  present  the  results  in  Table  XLIII. 
At  30°  the  induction  factor  is  much  lower  than  at  o®;  as 
shown  in  Table  XLIV  it  falls  as  low  as  0.4,  and  never  rises 
above  i.o. 

.  The  influence  of  the  concentrations  of  the  various 
reagents  on  the  factor  is  in  accordance  with  the  sup- 
position^  that  both  Fe^  and  Fel'  ^Fel„  etc.)  are  simultaneously 
undergoing  oxidation  in  the  solution;  increase  in  the  con- 
centration of  the  acid,  for  instance,  affects  the  rate  of  the 
second  reaction  much  more  than  that  of  the  first,'  and  con- 
sequently increases  the  induction  factor.  A  quantitative 
test  of  this  assumption  is  postponed  until  conductivity  meas- 
urements furnish  data  for  a  plausible  assumption  as  to  the 
fommla  of  the  addition  product  (see  foot-note,  page  634). 

My  thanks  are  due  to  Professor  W.  Lash  Miller,  at  whose 
suggestion  these  measurements  were  carried  out  in  the  Win- 
ter of  1907-8. 


Table  XXXVI  (HYDROCfflX)Ric  Acid) 


Cr,  20;  KI,  20; 

Ox,  5;Fe,  i.o 

;V,  70o;(,o*' 

c 

Expt.  49 
HCl,  10 

Expt.  5a' 
HjSO*.  10 

Expt.  50 
HCl,  20 

Expt.  9a» 
HjSO*,  20 

e 

As 

As 

As 

As 

0.25 

1.0 

2.0 

4.fi:      , 

1.35 
2.35 
3.90 

1.90 

3.10 
430 

2.35 
7.70 

405 

7.15 
8.00 

1 

1 

»  Loc.  cit.,  p.  374. 
*  Ibid.,  p.  366. 

'  In  Expts.  5a,  9a,  etc.,  the  composition  of  the  solution  was  the  same  as 
in  Miss  Benson's  Expts.  5,  9,  etc. 
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Table  XXXVII  (Salts) 
Ac,  10;  Cr,  20;  KI,  20;  V,  700;  t,  0°  C 


No.  of 

Ezpt. 

Salt  added 

Ox 

Pe 

e 

As 

Blank 

blank 
Ex. 

51 

0.88  g.  KjSO^ 

0 

1.0 

1.0 

4.90 

5.00 

23a 

52 

o.5g.  NaCl 

0 

1.0 

0.5 

3.30 

3 

90 

23a 

53 

do 

0 

0.5 

0.5 

2.30 

2 

.60 

54 

55 

i.og.  NaCl 

0 

1.0 

0.5 

2.85 

3 

90 

23a 

56 

do 

0 

0.5 

0.5 

2.10 

2. 

.60 

54 

57 

i.o  g.  KBr 

0 

1.0 

0.5 

3.30 

3 

90 

23a 

58 

o.O3g.KF.2H,0 

5 

1.0 

4.0 

4.40 

4 

35 

5« 

59 

0.1       do 

5 

1.0 

4.0 

4.25 

4 

35 

5« 

60 

0.5       do 

0 

1.0 

1.0 

0.80 

5. 

.00 

23a 

61 

1.0      do 

0 

1.0 

1.0 

0.20 

5 

.00 

23a 

Table  XXXVIII  (Potassium  Fluoride) 
Ac,  10;  Cr,  20;  KI  (after  o),  20;  Ox,  o;  V,  700;  t,  0°  C 


Expt.  62 

Expt.  63 
KF,  T.o» 

Expt.  64 

Expt.  65 
KF,  5.0 

Expt.  66 

KF,  0 

KF,  3.0 

KF,  lo.o 

e 

As 

X 

As 

X 

As 

X 

As 

X 

As 

X 

0.25 

3.20 

0.65 

2.80 

0.71 

1.60 

0.82 

0.75 

0.90 

0.15 

0.98 

0.50 

2.35 

0.75 

1.80 

0.83 

0.80 

0.91 

0.30 

0.96 

1.0 

1.60 

0.84 

1.15 

0.90 

0.40 

0.95 

2.0 

I   05 

0.90 

0.60 

0.94 

— 

4.0 

0.60 

0.94 

Table  XXXVIII  B 


Fe 


KF,  o 
As 


1 .0 
0.8 
0.6 

0.4 
0.2 

O.I 

0.0 


7.20 

6.15 
5.10 
3.60 

2.00 
1. 00 
0.00 


KF,  1.0 
As 

KF,  3.0 
As 

7.70 

6.55 
5.20 

7.80 
6.35 

•    •    •    • 

3   70 
2.10 

3.50 
1.80 

1.05 
0.00 

0.90 
0.00 

KF.  5.0 

KF,  lo.o 

As 

As 

6*.  20 

5  40 

5  20 

•    •    •    • 

4.20 

360 

2.90 

•    •    •    • 

1.60 

1.40 

0.80 

0.70 

0.00 

0.00 

*  KF,  1.0  indicates  10  cc  of  a  solution  containing  0.33  gram  of  potas- 
sium fluoride,  KF.2HjO  per  litre,  and  is  approximately  one  F-wt  of  fluoride 
for  one  of  ferrous  salt  in  the  reacting  solution. 


I 
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Table  XXXIX  (Colloids) 


Ac,  10 

;  KI,  2C 

►  ;Fe,  1.0;  V,  70o;<,  o°C 

Bxpt.  67  Agar- 
agar* 
Cr,.2o;  Ox.  5; 
e.  4.0 

Bxpt.  68  alba- 
men* 

Cr.  20 ;  Ox,  0 ; 
e,  i.o 

Bxpt.  69  DialjTzed  iron* 
e,  1.0 

Agar 

As 

Albumen 

As 

Cr 

Ox 

Dial 

Total 
Fe^// 

As 

0 

4.40 

0 

5.05 

10 

0 

0 

0 

2.40 

5CC 

4.35 

50  cc 

2.25 

10 

0 

5CC 

10.8 

2.00 

25 

4.45 

100 

1. 15 

10 

5 

0 

5 

0.80 

50 

4.40 

150 

0.55 

20 

0 

0 

0 

5.05 

100 

4.40 

20 

0 

5CC 

10.8 

350 

— 

— 

20 

5 

0 

5 

1.90 

Table  XL  ("Aged"  Ox  Prod) 
KI,  20 ;  Cr,  20 ;  Fe,  i.o ;  V,  700 ;  t,  o^  C;  O,  i.o 


*  One-tenth  percent  solution  of  agar-agar. 

'  One-fifth  percent  solution  of  egg-albumen. 

*  5  oe  of  the  dialyzed  iron  solution  contained  10.8  units. 


Expt. 

Ox 

Fe/// 

Ac  from 
hydrol. 

Ac  added 

Total  Ac 

As 

70 

0 

0 

0 

15 

15 

7.30 

7» 

511 

I.O 

5.0 

10 

15 

6.70 

72 

I  I 

1.0 

0 

15 

15 

6.65 

73- 

5111 

2.87 

2.6 

10 

12.5 

4.60 

74 

2.87  I 

2.87 

0 

12.6 

12.6 

4.00 

75 

10  II 

2.0 

10 

0 

10 

3-20 

76 

2  I 

2.0 

0 

10 

10 

3.05 

77 

0 

0 

0 

0 

0 

0.00 

78 

5I      ■ 

50 

0 

0 

0 

0.00 

79 

0 

0 

0 

10 

10 

5.05 

50 

5I 

5.0 

0 

10 

10 

1.90 

80 

10   III 

5.74 

2.6 

0 

2.6 

0.15 
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Table  XLI  (Acid  Ox  Prod) 
Ac,  20;  Cr,  20;  KI,  20;  Ox,  5;  Fe,  i.o;  V,  700;  t,  30.5°  C;  Corr,  0.75 


Expt. 

e 

Ox 

As 

81 

0.25 

0 

3.35 

<i 

0.50 

0 

4.05 

tt 

1.0 

0 

4.70 

tt 

2.0 

0 

5.25 

82 

0.25 

5  IV 

1.35 

83 

0.25 

5V 

1.30 

84 

0.25 

5I 

1.35 

82 

0.50 

5  IV 

2.00 

83 

0.50 

5V 

1.90 

84 

0.50 

5I 

2.10 

82 

1.0 

5  IV 

2.85 

83 

1.0 

5V 

2.85 

84 

1.0 

5I 

2.85 

82 

2.0 

5IV 

3.85 

82 

1.0 

5  IV* 

2.85 

83 

2.0 

5V 

3  85 

84 

2.0 

5I 

3.85 

Table  XLII     (Correction  for  End  point  at  30°  C) 

Expt.  85  :  Ac,  20 ;  Cr,  20  ;  Ox,  5  ;  Fe,  i.o ;  V,  700  ;  Iodine  10  cc 

As  1.90;  /,  30.5**  C 


e 

As  found 

Corr. 

0.25 

115 

0.75 

0.50 

I    15 

0.75 

1 .0 

1.15 

0.75 

2.0 

1. 10 

0.80 

4.0 

I    15 

0.75 

8.0 

I   05 

0.85 

Boiled. 
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Table  XLVII  ^ 

Ac,  20;  Cr,  20;  KI,  20;  Fe,  i.o;  V,  700;  t,  30.5**  C 
Corr:  Expt  94,  0.75;  Expt  95,  0.70;  Expt  96,  0.72;  Expt  97,  0.75;  Ex  98,  0.82 


e 


0.25 
0.50 
1.0 
2.0 
9.0 
16.0 


Expt.  94 
Ox,  o 


As 


3.35 
4.05 
4.60 

5.10 


0.79 
0.88 

0.95 
1. 00 

■    •    •    • 

1. 00 


5   10 
Blanks:  e  16, 

Corr  0.2 


Expt.  95 
Ox,  2.5 


As 


1-55 
2.70 

3-55 
4.20 

4.20 


0.50 
0.76 
0.91 
1. 00 
1. 00 


©9, 
As  0.80 


Expt.  96 
Ox,  3.5 


As 


1-47 
2.32 

3.12 

3.75 
3-75 


0.55 
0.74 

0.90 

1. 00 

1. 00 


e9» 
As  1.05 


Expt.  97 
Ox,  5.0 


As 


1-35 
2.00 

2.85 

3.60 

3.60 


0.39 

0.57 
0.80 

1 .00 

1. 00 


e9, 
As  1.40 


Expt.  98 
Ox,  lo.o 


As 


I.  12 

1.77 
2.52 

3  05 
3  05 


0.37 
0.58 
0.83 
1 .00 
1. 00 


G  4  9       16 

As  0.80, 2.40, 5.CX) 


Table  XLVII  B 

Fe 

Ox,  0. 

Ox,  2.5 

Ox,  3.5 

Ox.  5.0 

Ox,  lo.o 

As 

As 

1.30 

As 
1. 15 

As 

As 

0.20 

1.70 

0.80 

0.60 

0.40 

2.75 

2.20 

2.10 

1.50 

1 .20 

0.60 

3.85 

3.10 

2.75 

2.30 

1.85 

0.80 

4.60 

360 

3-25 

2.90 

2.45 

1. 00 

5.10 

4.20 

3-75 

3.60 

3.75 

TABI.E  XLVIII 
Ac,  20;  Cr,  20;  KI,  10;  Fe,  i.o;V,  700;/,  30.5°  C 


Expt.  99 

Expt.  100 

Expt.  101 

6 

Ox,  0;  Cor.  0.70 

Ox,  5.0;  Cor.  0.75 

Ox,  lo.o; 

Cor.  0.70 

As 

X 

As 

X 

As 

X 

0.25 

2.40 

0.62 

0.50 

2.95 

0.72 

1.05 

0.40 

1.0 

3-75 

0.84 

I   50 

0.60 

1.25 

0.50 

2.0 

4.30 

0.91 

2.48 

0.98 

1.75 

0.70 

4.0 

5  05 

1. 00 

2.05 

0.85 

8.0 

5.05 

1. 00 

2.55 

1 .00 

2.30 

1 .00 

Blanks: 

9=8 

Cor. 

0.35 

As,  0 

.85 

As, 

1-35 
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Table  XLVIII  B  (g  =  8) 


Fe 

Ox,  0 

Ox.  5.0 

Ox,  10.0 

As 

As 

As 

0.20 

1.60 

0.50 

0.30 

0.40 

2.75 

1.05 

0.80 

0.60 

3.75 

1.55 

1.30 

0.80 

4-35 

2.05 

1.80 

I.OO 

5.05 

2.55 

2.30 

Table  XLIX 
Ac,  20;  Cr,  10;  KI,  20;  Fe,  i.o;  V,  700;  <,  30.5*'  C 


G 

Bxpt.  102 
Ox,  0;  Cor.  0.75 

Expt.  103 
Ox,  5.0;  Cor.  0.65 

Expt 
Ox,  lo.o; 

..  104 
Cor.  0.82 

As 

X 

As 

X 

As 

X 

0.25 

0.50 

I.O 

2.0 

4.0 

8.0 

Blanks: 
G  =  8 

2.55 
325 
370 
4. 10 

4.15 
Cor. 

0.76 
0.88 

0.95 

I.OO 
I.OO 

0.35 

0.80 

1.35 
2. 10 

2.75 
350 
3  65 

Cor.  ( 

0.38 
0.44 
0.67 
0.82 
0.99 

I.OO 
D.20 

1 .22 
1.87 
2.67 
3.20 
3.20 

As, 

0.40 

0.59 
0.82 

1 .00 

I.OO 

0.20 

Table  XLIX  B    (e  =  8) 


Fe 

Ox,  0 

Ox,  5.0 

Ox,  lo.o 

As 

1-35 

As 
I.OO 

As 

0.20 

0.65 

0.40 

2.25 

1.80 

1.30 

0.60 

2.95 

2.40 

1.95 

0.80 

3-55 

3.05 

2.60 

I.OO 

415 

3.65 

3  20 

".  ^ 
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Hydrochloric  acid 
II 

0.88  g.  KjSO^  added 

0. 5  g.  NaCl  added 

II 

II 

I.Og.        " 

II 

1.0    g.  KBr  added 

0.03  g.  KF.2H2O  added 

0.1    g. 

0.5    g. 
1.0    g. 

KF  1.0,  3.0,  5.0,  lo.o 

Agar-agar  added 

Albumen  added 

Dialyzed  iron  added 
II 

Various  aged  ox  prods  added 
Various  acid  ox  prods  added 
Correction  for  end  point 
Values  of  Induction  factor 

«« 

q 

10 

to 

• 

0 

X 
0 

«■ 
«■ 

0 

• 

0 
q 

to    ►H 

lo  0  " 

•         . 

0  0 

X  X 

00 

Temp.     1   Page 

OOOOOOOOOOOOOOOqOOO 

0  d  d  0 

10  10  10  10  10  10 

6  6  6  6  6  6 

to  ro  ro  to  to  to 

M 

;  ^ 

•                      •          • 

• 

q 

M 

M 

M 

M     M     M 

ioioOOOOOOO»oioOOOO»oO(^(^ 

0      0 

1 

1 

1    1    1 

0000000000000  'o^o'  0000 

0  0   1 

«    N     1 

0 

0 

000 
M     M     W 

0000000000000000000 

0000 
M    «    «    « 

■ 
• 

0 

0 

000 
«      «      >H 

0000000000000000000 

•    0    0 

0 

lo  0  0  0 

Expt.          Table 

nOnO   t^l^l^l^l^t^l^t^t^t^  1^00  00    OnOnOnOnO    •-'    CM    ro 

Tf    10  NO 
'^    -^    Tf 

On  CO 
00    On 

1    00    On 

f^OO    On 
'^  '^  '^f 

NO 

On  0    I-"    W    c'^  ^  »OnO    r^OO    On  Q    I-"    M    CO  r^OO    On  On 
^iO«0»0»0»0»0»0»0»0  »OnC  no  no  nO  nO  nO  no  no 

0    -^ 

00  00 

6  ►H  10  1 
1^00  00    1 
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INDIRECT  ANALYSIS  BY  MEANS  OF  THE  DILATOM- 
ETER:  THE  "LOWER  HYDRATE"  OF  SODIUM 

ACETATE 


BY  W.   LASH  MILLER 

In  order  to  avoid  the  difficulties  which  sometimes  attend 
the  removal  of  mother-liquor  from  the  solid  products  of  a 
reaction/  various  "indirect"  methods  of  analysis  have  been 
devised  for  determining  the  composition  of  the  latter.* 

The  method  employed  in  the  present  paper  is  different 
in  principle  from  those  hitherto  suggested;  while  less  general 
in  its  application  than  some  of  them,  it  is  perhaps  the  most 
convenient  in  the  large  group  of  cases  to  which  it  is  applica- 
ble. 


The  behavior  of  crystallized  sodium  acetate,  C^HjO^Na. 
3H2O,  on  heating,  was  first  described  by  Jeannel',  who 
found  that  it  begins  to  melt  at  58°  C,  becomes  completely 
liquid  at  75°,  and  boils  at  123®. 

When  he  let  the  melted  salt  cool  gradually  in  the  air, 
it  crystallized  at  58°  in  prismatic  needles,  the  temperature 
keeping  constant  at  that  point  during  the  crystallization;* 
but  if  the  solution  was  protected  from  "germs**  it  solidified 
to  a  white  translucent  mass  of  large  shiny  leaflets  covered 
with  a  little  liquid. 

These  leaflets  were  deliquescent  in  air  in  which  the  pris- 
matic salt  dried  out,  and  were  easily  converted  into  the  lat- 
ter by  bringing  into  dry  air,  or  by  touching  with  a  glass  rod, 

'  Bancroft:  Jour.  Phys.  Chcm.,  6,  178  (1902);  Lash  Miller  and  Kcnrick: 
Ibid,  7,  259  (1903). 

•v.  Hijlcrt:  Zeit.  phys.  Chcm.,  8,  343  (1891);  Schrdiieniakcrs:  Ibid.,  11, 
81  (1893);  Kentner:  Ibid.,  39,  658  (1902);  Hancroft:  Jour.  Phys.  Chem.,  6,  178 
(1902);  9,  558  (1905);  Browne:  Ibid.,  6,  287  (1902). 

•  Comptes  rendus,  62,  834  (1866). 

*  Jcanncl  snj^j^cstod  the  use  of  iiieltod  sodium  acetate  for  testing  and 
standardizing  thermometers;  a  note  on  the  suitability  of  the  Sidt  for  this  pur|M»se 
wiU  shortly  be  published. 
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or  with  a  crystal  of  "ordinary"  sodium  acetate — dehydra- 
ted sodium  acetate  had  no  effect,' 

Although  the  supersaturated  solutions  of  sodium  ace- 
tale  have  been  studied  by  a  large  number  of  authors,  among 
thera  Reischauer,'  Gernez,*  Bottgcr,*  Thomson,'  and  Baum- 
hauer,'  the  composition  of  the  leaflets  described  by  Jeannel 
has  not  yet  been  ascertained  with  certainty.  They  are 
commonly  referred  to  in  the  literature  as  "a  lower  hydrate,"* 
and  Gemez,*  though  without  quoting  his  authority,  gives 
them  the  formula  2CjHjOjNa.3H,0;  but  the  only  analyses 
of  which  I  have  been  able  to  find  any  account  are  due  to 
Zettnow.' 

This  chemist  melted  the  commercial  acetate  in  a  flask, 
boiled  the  liquid,  closed  the  mouth  of  the  flask  with  cotton 
wool,  and  drained  the  crystals  deposited  on  cooling,  by  tilt- 
ing the  flask.  When  the  cotton  was  removed,  the  (super- 
saturated) mother-liquor  solidified,  breaking  the  flask;  the 
upper  layer  of  crystals  was  then  removed  and  analyzed, 
with  the  following  results  (in  Expts.  3  and  4  the  melting 
was  repeated) : 

Table  I 


Eipl. 

Water 
Percent 

Formnla 

, 

35.66 

C,H,0,N« 

2.52  H,0 

^^ 

35-33 

" 

2  49     "                         _ 

K 

21.33 

" 

1.24     "                        J 

■ 

18.. 4 

.03     ■•                        ■ 

r 

SI. 05 

" 

■ 

4 

10.04 

I 

5 

3=.6 

2.30   "                 m 

33-3 

I 

'  Betthelot:  Comptes  rendus.  77,  975  {1873). 

•  Uebig's  Ann.,  115,  u6  (i860). 

•  Jahresbericht,  1865,  75. 

•  Jahiesbericht,  1867,  390. 
•Jour.  Chem.  Soc..  35,  196  (1879). 

•  Jour,  prakt.  Chetn.,  104,  449  <i868). 
'Osiwald;  Lchrbudi  11,  {?)  page  770  (1901) 

•  ComplcB  rendus,  B4,  IJ89  (1877).  ^ 

•  Po^.  Ann.,  143,  306  (1871). 


The  "Lower  Hydrate"  of  Sodium  Acetate 

The  author  regards  his  experiments  as  establishing  the 
existence  of  the  hydrates  C,H,OjNa.H,0,  zC^H.O.Na.sHjO, 
and  2C3H,OjNa.gHjO;  in  the  absence  of  proof  that  his  crys- 
tals were  free  from  mother-liquor,  however,  much  weight 
cannot  be  attached  to  these  results.  The  formate  and  valer- 
ate of  sodium  crystallize  with  one  mol  of  water,  but  Thom- 
son's' observations  that  these  salts  cause  no  formation  of 
crystals  in  supersaturated  solutions  of  sodium  acetate  speaks 
against  the  existence  of  a  hydrate  CjH,0,Na.H,0. 

On  repeating  Jeannel's  experiments  it  was  at  once  ap- 
parent that  the  "partial  melting"  at  58°  C  consists  in  the 
complete  disappearance  of  the  crystals  of  trihydrate,  and 
the  formation  of  a  solution  and  of  crystals  of  a  new  salt  (leaf- 
lets); a  few  more  experiments,  carried  out  after  the  manner 
of  Zettnow's,  showed  that  both  solution  and  leaflets,  like 
the  trihydrate  from  which  they  were  formed,  were  slightly 
alkaline  to  litmus.  From  this  observation  (which  was  subse- 
quently confirmed  with  the  crystals  separated  by  the  centri- 
fugal apparatus  described  by  Mr.  Green)'  it  follows  that  the 
leaflets  consist  of  a  neutral  acetate  of  sodium,  hydrated  or 
anhydrous;  as,  if  they  had  been  formed  of  an  acid  or  basic 
acetate,  either  the  crystals  themselves  or  the  mother-liquor 
must  have  had  an  acid  reaction. 

The  "partial  melting  point"  of  the  trihydrate,  then, 
must  be  considered  as  the  temperature  at  which  the  reaction 

C,H,0,Na.3H,0  =-  C.HANa.xH.O  +  Solution   . . .     (/) 

is  in  equilibrium;  in  other  words,  it  is  a  transition  point  in  a 
two-component  system,  and  the  following 

Considerations  based  on  the  phase  rule 
lead  to  a  method  of  deterniining  tlie  composition  of  the  crys- 
tals in  question  without  removing  them  from  the  mother- 
liquor. 

As  the  existence  of  equilibrium   in    heterogeneous    sys- 
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terns  is  not  dependent  on  the  quantities  of  the  various  phases 
present,  addition  of  CjH,O,Na.j:H,0  in  any  quantity  would 
cause  no  change  in  the  temi)erature  of  "melting,"  in  the 
composition  of  the  solution,  or  in  the  amount  of  trihydratc 
present.  Addition  of  a  third  hydrate,  however,  or  of  the 
anhydride  {supposing  x  different  from  o)  renders  a  new  re- 
action possible,  viz.,  reaction  (it),  between  trihydrate,  i-hy- 
drate,  and  third  hydrate  (or  anhydride);  and,  as  it  is  very 
unlikely  that  both  reactions  t  and  ii  will  be  in  equilibrium  at 
the  same  temperature,'  it  is  fair  to  assume  that  reaction  n 
will  proceed  until  either  the  new  hydrate  or  the  trihydrate 
is  completely  used  up. 

If  y  be  taken  to  represent  the  number  of  mols  of  anhy- 
dride mixed  with  A  mols  of  trihydrate,  reaction  ii  may  be 
represented  by  the  following  chemical  equation: 

_^_  (C,H,0,Na.3H,0)  -!- j(C,H,0,Na)  = 


^JL 


(C,H,O.Na.AH,0)        («) 


which  shows  that  xy/{:i — x)  mols  of  the  trihydrate  would 
disappear;  •  leaving  only  A — xy/(2 — *)  niols  to  enter  into 
reaction  t. 

A  determination  of  the  residual  trihydrate,  therefore, 
together  with  the  known  values  of  A  and  y,  is  sufficient  to 
determine  *,  that  is,  the  composition  of  the  crystals  formed 
by  melting  the  trihydrate  at  58°  C. 

The  easiest  way  to  determine  the  amount  of  trihydrate 
in  a  mixture  of  trihydrate  and  x-hydrate  is  to  heat  to  58° 
and  measure  the  change  of  volume  which  accompanies  the 
"melting."  This  is  obviously  proportional  to  the  amount 
of  trihydrate  present;  by  means  of  a  blank  experimcBt,  in 
which  the  dilatometer  is  filled  with  a  known  quantity  of 
the  pure  trihydrate,  the  weight  of  that  salt  corresponding 
to  one  division  of  the  dilatometer  scale  may  be  ascertained. 

'  The  statement  of  the  phase  rule,  that  in  a  lff[i.compoaent  STSlem  at 
arbitrary  pressure  not  more  than  three  phases  can  exist  in  equilibrium,  is  only 
another  way  ol  putting  this. 
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Dilatometer  measurements 

To  facilitate  the  introduction  of  weighed  amounts  of 
salt  into  the  dilatometer,  the  bulb  of  the  latter  was  replaced 
by  a  cylindrical  vessel  closed  by  a  perforated  cork  with  capil- 
lary through  which  the  (dried  and  air-free)  coal  oil  was  sucked 
into  the  instrument;  contrary  to  expectation,  there  was  no 
trouble  due  to  swelling  of  the  cork  when  the  whole  was  im- 
mersed in  the  water  bath. 

Two  sets  of  measurements  were  carried  out:  the  first 
with  4.040  grams  of  the  pure  trihydrate,  and  the  second  with 
3 -350  grams  of  a  mixture  prepared  by  grinding  trihydrate 
and  anhydride  together,  heating  for  some  time  above  60®, 
cooling,  and  powdering  again.  The  amount  of  water  in  this 
mixture  was  determined  by  heating  to  120®  tmtil  the  weight 
was  constant : 


Weight  before  heating 

i.7i56g. 

Weight  after  heating 

1.4460 

Table  II 

4.040  g.  trihydrate 

3-35og.  mixture 

Interval 
Hrs.  tnin. 

Temp. 
56.6°  C 

Dilatr. 
div'ns 

1 

Interval 
Hrs.  min. 

1 
i 

—       7 

Temp. 

Dilatr. 
div'ns 

—      30 

47.0 

57.0°  c 

123.0 

—      27 

57.0 

48.0 

7 

57.5 

126.0 

—       II 

57-5 

510 

5 

58.0 

131. 5 

—        8 

58.0 

53-0 

58.5 

143.0 

3      12 

58.5 

56.8 

Heated  to  75° 

17        0 

590 

227.0 

I       4 

59.5 

188.0 

I        ID 

59-35 

229.0 

58.8 

187.5 

I        5 

58.7 

228.0 

56.3 

220.0 

(Interp) 

58.0 
58.0 

i87.omelted 
13 1. 5  solid 

(Interp) 

58.0 

224.5  melted 

^ 

58.0 

53.0  solid 

Expansion 

55-5 

Expansion 

171. 5 

Assuming  that  the  melting  takes  place  at   58°  on  the 
thermometer    employed,    the    first    experiment    shows    that 
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the  expansion  per  gram  of  trihydrate  melted  is  42.44  divi- 
sions of  the  dilatometer  scale.  The  expansion  of  the  mix- 
ture, 55 . 5  divisions,  corresponds  to  i .  308  grams  of  trihy- 
drate or  0.009616  mols. 

Thus  A — xy/{z — ^)  *=  0.009616.  The  values  of  A  and 
y,  calculated  from  the  weight  and  composition  of  the  mix- 
ture, are  0.009750  and  0.02346,  respectively;  from  which 
it  follows  that  re  =»  0.017,  or  that  the  composition  of  the 
•*rc-hydrate"  is  CjH.OjNa.    o.oi7H,0. 

The  reliability  of  this  result  obviously  depends  on  the 
accuracy  of  the  dilatometer  measurements.  The  error  of 
each  of  the  expansions  measured  is  probably  at  least  one 
scale  division,  but  certainly  less  than  five  divisions;  while 
even  if  5  divisions  be  added  to  the  expansion  of  the  trihy- 
drate and  5  be  subtracted  from  that  of  the  mixture — ^the 
most  imfavorable  combination — ^the  value  of  x  rises  only  to 
0.16. 

The  measurements  therefore  prove  conclusively  that 
the  crystals  deposited  by  the  trihydrate  on  *' melting"  con- 
sist of  anhydrous  sodium  acetate. 

The  University  of  Toronto, 
June  igoS.^ 

*  Read  before  the  American  Chemical  Society   at  the  Buffalo  Meeting 
September  1905,  under  the  title  "A  new  use  for  the  Dilatometer." 
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THE    "MELTING-POINT"    OF    HYDRATED    SODIUM 

ACETATE:  SOLUBILITY  CURVES 


BY   W.    P.    GREEN 

In  the  preceding  paper  Professor  Lash  Miller  has  shown 
that  the  composition  of  the  crystals  formed  by  ** melting" 
sodium  acetate  trihydrate  may  be  ascertained  by  means  of 
dilatometer  measurements,  without  isolating  the  crystals 
from  the  solution ;  the  following  experiments  were  undertaken 
to  obtain  evidence  in  confirmation  of  the  result  there  arrived 
at — viz:  that  "JeannePs  leaflets"  are  anhydrous  sodium 
acetate. 

Isolation  of  the  leaflets 

The  first  attempts  were  made  by  centrifuging  the  mixture 
of  leaflets  and  (supersaturated)  mother-liquor;^  the  crystals 
left  behind  all  proved  to  contain  water  (Table  I,a),  in  one 
case  more  than  the  least  found  by  Zettnow.  That  this  water 
was  due  to  residual  solution — partly,  at  all  events — was 
shown  by  dissolving  a  little  rosaniline  acetate  in  the  melt; 
after  cooling  and  centrifuging,  the  inner  layers  of  crystals 
were  quite  colorless;  but  those  next  the  cork  were  strongly 
tinged  with  red,  showing  how  difllcult  it  is  to  remove  the 

viscous  mother-liquor,  and    readily  explaining  [the     ^^ 

large  percentage  of  water  left  in  Zettnow 's  prepara-      — ^  o 
tions,  which  were  dried  merely  by  draining  in  the      "^ 
cold. 

*  The  apparatus  employed  is  represented  in  Fig.  i,  it  was 
designed  to  prevent  access  of  dust  to  the  supersaturated  solution. 
The  inner  tube  .4  was  filled  with  the  trihydrate  and  closed  at  the 
ends  with  the  corks  />  and  c,  of  which  c  was  perforated  and  covered 
with  hardened  filter  pa])er.  The  whole  was  then  inserted  in  the 
outer  tube,  which  contained  a  short  piece  of  thick  glass  tubing 
D,  provided  with  a  perforated  rubber  stopper,  the  outer  tube  was 
then  corked,  IC,  and  left  standing,  E  down,  in  a  steam  bath  until 
the  acetate  was  melted.  After  cooling,  the  ai)paratus  was  placed  . 
in  the  centrifuge,  1)  outwards,  and  the  mother-li(juor  separated  l^/ 
from  the  crystals  which  remained  inside  A.  '""?' 

iMg.  1 


1  BD  f 


.'C 
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A  hundred  grams  of  the  hydrated  acetate  was  then  mcUcd 
in  ji  cylindrical  tap  tunticl,  the  mouth  of  which  was  closwi 
with  a  plug  nf  cottnii  wool.  AfttT  cooling  to  15°  the  sti-m 
was  filled  with  water  to  prevent  the  entrance  of  "germs."  and 
connected  with  a  vac\iuni  pump;  in  this  way  most  of  the 
liquid  was  removed.  The  crystals  were  then  drained  for 
some  hours  in  a  steam  bath  at  95°  the  tap  of  the  funnel  being 
left  open,  and  finally  as  much  as  possible  of  the  remaining 
mother  liqutr  was  pumped  off  hot.  On  cooling,  the  upper 
part  of  Ihe  funnel  was  found  to  be  filled  with  a  white  crust, 
and  the  bottom  with  moist  crystals  (Table  f,c),but  the  crys- 
tals in  the  middle  of  the  funnel  retained  their  form  and  were 
transparent,  bright  and  sharp,  showing  conclusively  that  they 
had  suffered  no  change  by  being  heated  to  95°,  but  were 
identical  with  the  "  leaflets "  deposited  at  15°.  Analysis 
showed  them  to  be  anhydrous  (Table  1,6). 

Prepared  in  this  manner,  the  crystals  form  either  thin  plates 
or  long  thin  needles;'  their  ir.elting-point'  was  identical  with 
that  of  a  sample  of  anhydrous  acetate  prepared  by  dehydra- 
ting the  trihydrate  and  melting  the  salt  so  obtained;  both 
melted  at  322°  to  324°  uncoiT.;  Schaffgotscli*  gives  319°  as 
the  melting-point  of  C^HjO^Na. 

Solubility  determinations 

Solubility  0}  Ihe  Avhydrous  Salt. — -For  temperatures 
above  58°  the  determinations  were  made  in  an  open  test- 
tube  of  100  cc  capacity,  in  which  the  crystals  prepared  as 
just  described  were  stirred  with  water  by  a  strip  of  window 
glass  bent  into  a  spiral  and  fused  to  a  glass  rod.  The  appara- 
tus stood  in  a  thermostat,  except  for  the  determination  at  , 
123"  when  the  contents  of  the  tube  were  boiled  over  a  Bun- 
sen  flame. 

'  According  to  Haiishoffer  (Zeit.  /.  Krystallogr.,  4,  si^  (1880))  sodium 
acetate  crystallizes  from  alcoholic  solution  in  spear- formed  needles  and  in  platen    ' 

'  Determined  in  a  capillary  lube,  with  high-tempcrdlure  mercury  therino- 
raeter,  in  a  bath  of  nathracene  which  had  recently  Lten  dislilled  to  make  It 
tranGparcnt. 

•  Pogg.  Ann.,  lOJ,  igs  {1857)- 
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A  warmed  glass  tubf,  constricted  about  li  inch  above 
its  lower  end  which  was  filled  with  a  loose  plug  of  absorbent 
cotton,  served  to  remove  a  portion  of  the  solution  for  analy- 
sis; the  lower  end  of  the  tube  was  quickly  cut  off  with  a  pair 
of  scissors,  and  the  solution  blown  out  into  a  weighed  cruci- 
ble, which  was  immediately  covered  and  weighed  again. 
The  water  was  driven  olT  without  spirting  by  heating  for 
some  hours  in  a  steam  bath  at  95"  and  then  to  constant 
weight  at  120°.  The  results  are  given  in  grams  of  anhy- 
drous salt  per  100  g  water,  and  are  in  most  cases  the  means 
of  accordant  determinations. 

At  temperatures  below  58",  where  the 
solutions  are  supersaturated  with  respect  to 
the  trihydrate,  the  combination  of  tap  funnel 
A,  adapter  B,  and  vial  C  shown  in  Fig.  2 
was  employed.  A  quantity  of  trihydrate 
was  melted  in  the  funnel,  the  apparatus 
set  together  and  tied  to  the  piece  of  board  ' 
weighted  at  G,  and  was  rocked  about  tlie 
axis  H  in  a  thermostat  over  night.  A  par- 
tial vacuum  was  then  created  in  the  adapter 
by  means  of  a  rubber  tube  attached  to  F, 
the  tap  P  was  opened  a  little  and  the  vial 
filled.  The  tap  was  then  closed  and  the 
whole  removed  from  the  thermostat;  the 
stopper  E  and  vial  removed,  part  of  the 
solution  quickly  poured  into  a  crucible  and 
treated  as  described.  After  washing  and 
drying  vial  and  adapter,  the  apparatus 
was  ready  for  another  determination. 

Solulnlity    0}    the    Trihydrate.— Tht:ii:t: 
measurements  were  made  in  the  open  vessel  Fig.  2 

used  for  the  anhydrous  salt  above  sS°;  the  results  are  ex- 
pressed in  the  same  units  as  before,  viz. :  grams  of  anhy- 
drous salt  to  100  grams  of  water  in  the  solution.  Four 
numbers  are  taken  from  Schiavon'  snid  one  from    Guthrie.' 

■Gazz.  Chim   Iml.  32,  sja  (igotV 
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Table  III  gives  the  solubilities  for  every  io°,  obtained 
by  graphic  interpolation  from  the  figures  of  Table  II.  The 
data  for  the  freezing-point  and  boiling-point  curves  are  taken 
from  tables  by  Legrand^  and  Guthrie,'  respectively.  The 
four  cturves  in  Fig.  3  give  the  compositions  of  solutions  satu- 
rated with  anhydride,  trihydrate,  ice,  and  steam  at  atmos- 
pheric pressure,  respectively. 

Table  I 


Expt. 


a 
b 


Water 
Percent 

18.14 
33  O 

5.4 
0.6 

0.37 
0.36 

4.0 


Mols  H,0  to  one 
uiol  CjHjOjNa 


I   03 
2.24 

0.3 
0.03 

0.016 

0.016 

0.22 

Table  II 


Zettnow's  driest 
Centrifuged 
Centrifuged 
Drained  hot 
Drained  hot 
Drained  hot 
Bottom  of  funnel 


Anhydrous 

0? 

Trihydrate 

0^ 

119 

72^5 

149      1 

36.2 

Guthrie 

25 

125 

83 

1543  ! 

9 

40 

Schiavon 

34-8 

129 

83.5 

154-3 

13 

43-5 

Schiavon 

43 

131 

100 

170 

37 

61.0 

Schiavon 

50 

1335  ' 

123 

193 

41 

68.0 

Schiavon 

61 

140.5 

51.5 

875 

Green 

— 

55.5 

102 

Green 

Table  III 


Temp -iS*" 

Ice 30.4 

Hydrate 30.4 

Anhydrous — 

Temp.. 60° 

Anhydrous 1395 

Steam  , I    — 


-10" 
19.0 
330 


o" 
o 

36.3 


—     119 


70° 

146 


80° 
153 


10° 

20° 

30° 

40° 

50"* 

58° 

40.8 

121 

46.5 
123.5 

54-5 
126 

655 
•29.5 

83 
134 

•38 
138 

90" 
161 

100'' 

170 

0 

110° 

180 

69 

120" 

191 

156 

123" 
J  93 
193 

(1887). 


»  Lieb.  Ann.,  17,  36  (1836);  see  also  Gerlach:  Zeit.  anal.  Chem.,  26,  455 


^  Loc.  cit.     See  also  Rtidorff:  Pogg.  Ann.,  145,  616  (1872). 


Solubility  Curves 
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Summary 

The  crystals  deposited  from  supersaturated  solutions  of 
sodium  acetate  trihydrate  have  been  isolated  and  analyzed; 
in  confirmation  of  the  results  obtained  by  dilatometer  measure- 
ments they  consist  of  anhydrous  sodium  acetate.  The  crys- 
talline form  and  the  melting-point  of  the  salt  so  obtained 
are  those  of  ordinary  anhydrous  sodium  acetate. 

The  solubility  of  the  anhydrous  salt  has  been  deter- 
mined from  o°  to  123° — the  boiling-point  of  the  saturated 
solution;  and  that  of  the  trihydrate  from  the  cryohydratic 
point  (Guthrie)  to  its  "melting-point." 

The  "melting-point"  of  the  trihydrate  is  a  transition 
point,  at  which  the  reaction 

C,H30,Na.3H,0  =  0.092  C,HANa  + 

Sorn  (0.908  C,H,0,Na  +  3H,0) 


66o  W.  F.  Green 

is  in  equilibrium.  As  noted  by  Jeannel,  the  "melting**  at 
58°  is  incomplete;  the  lowest  temperature  at  which  a  clear 
solution  can  be  obtained  is  obviously  that  at  which  the  solu- 
tion saturated  with  the  anhydride  has  the  same  composition 
as  the  crystals  of  the  trihydrate,  viz.:  152  grams  salt  to  100 
grams  water.  This  is  the  case  at  79°,  where  the  dotted  line 
corresponding  to  the  composition  of  the  trihydrate  in  Fig.  3 
cuts  the  solubility  curve  of  the  anhydrous  salt;  Jeannel  gives 
75°,  Zettnow  77°  to  78^ 

The  "true  melting-point,"  at  which  trihydrate  is  in  equi- 
librium with  a  solution  of  its  own  composition,  would  be 
given  by  the  intersection  of  the  same  dotted  line  with  the 
solubility  curve,  produced,  of  the  trihydrate.  This  tem- 
perature would  be  very  little  higher  than  that  of  the  transi- 
tion point,  as  at  the  true  melting-point  the  tangent  to  the 
solubility  ciu^e  must  be  perpendicular. 

These  measurements  were  carried  out  under  the  direc- 
tion of  Prof.  W.  Lash  Miller  in  the  chemical  laboratory  of 
the  University  of  Toronto  in  the  spring  of  1903. 

The  University  of  Toronto 
June,  1908, 


No. 

It- 

Kc 

7i' 

*c. 

7": 

?o. 

:-■■ 

No.  78: 


N.». 


7*)- 


J^o,  80: 

(<tv  Si  r 

"Nfl.  S3: 

Ni..  S3: 


Some  cslGfA  ol    ;.  tv   Prol'cswif  W.  R. 

Land,  J.  F.  M-ickev  ^hui  K    a    iiorinbr 
Volumetric  cstimaiion  of  wlver,  by  l'wt^^^ 

La.vd  und  J.  O.  WoooHouse 

C'n;>pcr  nnoil»f  In  chloriilr  solutimis,  hy  S.  riiMtiiA.N     < 
The  vifcct  uf  r^rrtL'  sulfa  oa  tliu  rau  of  oxIilalJdu  or 

tttiaus  *alU,  by  W.  F.  Gkbbn o.*S  " 

Lo>s  of  carbon  dunti);  solutiot)  of  stMl  to  (WtaMium 
ciipric  chloride,  by  K.  P.  Moomk  wnJ  Profe»)ior  J.  W. 

Rain ...  ,        o.aj 

II11;  iniliicliDti  by  fttrcM^  -uilu  of  the  rciurtidti  bl■lu>■t^en 
cliromiL-  and  hydriodic  ac((l«,  by  Rosf  A-  GoKrvMC-  .  - 
liiilircct    ait^y*i>    by    meitns    of  the    iiilati>m<?ter,    h\' 

Pfoti»Mir  W.  L.AKti  MiuAK  ...      

The  "meliinif-puint"  of  hydrated  MMliutn   .. 

W.  F,  Grkiin  . . ,  . , 

The   h.sdntles  and  add  Stdts  uf  ferrous  Hulplint..  b\ 

Proftfssor  Frank  H.  Kknkick 1 

Tlte  buliHviour  of  colloidal  suspeusiuaii  with  itnmiacible 
solv<nLt,  by  Profexsor  W.  Lash  Mjllbr  und  R.  H. 
MipHKRSOl*   ,  ...         ,.-    -.      '.    ..     .■■    ( 


/, 


UNIVERSITY   OF   TORONTO 
STUDIES 


PAPERS  FROM  THE  CHEMICAL 
LABORATORIICS 


Nn.  Bj:  the  HVDRATES   AND   ACID   SALTS  OF  FERROUS 
SULPHATE,  V,  Frank  B.  Kvnkick 

<IUr«i'i(o  •Kw  T»it  |ui'u>i  •*  I'HiWL'i  Cuunrai,  V«.  Xlt) 


'Qnlvcrsit?  of  Toronto  StuMes 

COMMITTEE  OF  MANAGEMENT 


Cfutirman:   Rouvky   Ai.kxandbr    FaU'okrr,  M.A..  Uitl.P..  U-O.,  n 
Pnatidenl  of  Ihi-  i'..iv-r<,ix 

Propkxsok  W.  J.  Alexandbr,  Ph.D. 

PROPEBSOR  W.  H.  Elus,  M.A.,  M.B. 

pROntiSOR  A.  KlKSCHHANN,  Pu.  D. 

pROPWt!«OR  J.  J.  Mackhnzib,  B.A. 

Pbopbssor  R,  Ramsay  \Y*"oht,  M.  A.,  B-St.,  LUD. 

Professor  Geokck  M.  Wrunu,  M.A. 

Gtnemt  Editor:  H.  H.  Lasoton,  M.A. 

Ijbntrinn  ol'thr  Uniwrnty 


THK    HYDRATES    AND    ACID    SALTS    OF    FERROUS 

SULPHATE 


FRANK    B.    KBNRICK 

A  large  number  of  ferrous  sulphates  have  been  described 
by  various  authors.  The  following  are  mentioned,  with  refer- 
ences, by  Dammer:*  FeSOjH,0,  FeS0,5H,0,  FeS0,4H,0, 
FeS0,3H,0,  FevS0,2H,0,  FeSO,H,0,  FeSO,,  FeS0,H,S0,6H,0, 
FeSO^sHjSO.sHjO  and  FeS^O^.  Many  of  these  were  pre- 
pared in  contact  with  sulphuric  acid  of  considerable  con- 
centration, and  as  this  is  extremely  difficult  to  separate  from 
the  solid  substance  and  as  the  analyses  were  often  made 
after  drying  either  by  a  current  of  air  fjeremin,  FeSO^H,0 
and  FeSO^sHjSO^sHjO)'  or  over  concentrated  sulphuric 
acid  (Bolas,  **Ferrous  anhydro-sulphate,*'  FeSjO^)',  it  is 
quite  probable  that  the  formulae  given  by  these  authors 
do  not  in  all  cases  represent  the  true  composition  of  the 
solid  phases.  The  following  experiments  were  carried  out 
with  the  hope  of  fixing  more  definitely  the  composition  of 
some  of  the  ferrous  sulphates  stable  in  contact  with  solutions 
of  sulphuric  acid. 

Method-  -Powdered  recrystallized  ferrous  sulphate 
(FeSOjHjO)  was  mixed  with  sulphuric  acid  of  various 
concentrations  in  glass  stoppered  bottles  and  sliaken  at 
room  temperature  in  a  mechanical  shaker  until  the  compo- 
sition of  the  liquid  became  constant.  Glass  marbles  were 
added  to  each  bottle  to  aid  the  stirring.  To  prevent  oxidation, 
which  in  the  longer  experiments  was  found  to  be  quite  ap- 
preciable, the  free  spaces  in  the  bottles  were  filled  with  nitro- 
gen by  blowing  in  a  rapid  stream  of  this  gas  before  inserting 
the  vaselincd  stoppers.  The  nitrogen  was  prepared  from 
ammonium    chloride,    sodium    nitrite  and  potassium    bichro- 

»  Handbuch  anorK-  Cheniic.  III.  329*  330.  337  (i8<;3). 
2  Her.  cheni.  Ges.  Herlin,  ai,  R.  590  (1888). 
•Jour.  Cheni.  S<x:.,  27*  212  (1874)- 
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mate,   washed  by   ferrous  sulphate  and  soda  lye,   and   kept 
in  a  gas-holder  over  weak  lye. 

After  equilibrium  was  established  and  the  bottles  had 
stood  upright  for  a  day  or  so,  the  solid,  which  slowly  settled 
to  the  bottom  as  a  paste,  was  sucked  up  into  a  centrifuge 
tube.  This  was  a  cylindrical  glass  tube,  temporarily  closed 
at  both  ends  by  rubber  stoppers  carrying  tubes  of  small 
bore.  Immediately  the  tube  was  full,  the  temporary  stop- 
pers were  replaced  by  rubber  plugs  faced  with  platinum 
discs.  After  ccntrifuging  for  20  minutes,  the  plug  at  the 
upper  end  was  removed,  the  liquid  poured  quickly  into  a 
weighing  bottle  and  the  plug  immediately  replaced.  The 
other  plug  was  next  taken  out,  and  the  first  plug  pushed 
through  the  cylinder  thus  forcing  out  the  cake  of  paste  which 
was  caught  in  the  weighing  bottle.  In  this  way  the  contents 
of  the  centrifuge  were  transferred  to  the  weighing  bottles 
without  more  than  a  couple  of  seconds'  exposure  to  the 
moisture  of  the  atmosphere. 

Deter viination  of  Composilion  of  the  Solid  Phase. — Two 
methods  were  adopted  for  ascertaining  the  composition  of 
the  solid  phases.  Each  alone  is  insufficiently  accurate  to 
settle  definitely  the  composition,  but  together  they  afford 
a  solution  of  the  problem. 

The  first  method  consisted  in  analyzing  liquid  and  wet 
solid  over  a  range  of  varying  composition  of  the  liquid  phase 
and  obtaining  the  composition  of  the  drj'  solid  graphically 
from  pairs  of  such  analyses.  Unfortunately,  the  difficulty 
of  separating  the  liquid  from  the  solid  and  the  small  range 
of  concentration  of  liquid  possible  in  some  of  the  cases  in- 
vestigated combine  to  magnify  enormously  the  effect  of 
experimental  error  on  the  composition  of  the  solid.  For  ] 
example,  in  the  case  of  the  compound  2Fe03SO,2H,0,' 
taking  the  most  favorable  possible  pair  of  analyses,  an  error  J 
of  o.i  percent  in  the  determination  of  the  SO,  in  one  of  theJ 


'  With  this  substance,  the  paste  always  contained  frora  65-75  percent 
of  liquid  phase  after  cenlrifuging.     Even  after  leaving  it  on  a  porous  plate  v. 
■r  the  tnolher-liquor  as  much  as  60  percent  remained. 
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pastes,  would  cause  an  error  of  about  6  percent  in  the  ratio 
of  H3O  to  SO,  in  the  dr>'  solid.  By  the  ordinary  gravimetric 
inelhod  of  determining  SO^  in  the  presence  of  iron  it  was 
(lot  found  possible  to  obtain  results  sufficiently  accurate  for 
the  purpose,  but  a  niethod  based  on  specific  gravity  determi- 
nations, described  below,  proved  quite  satisfactory.  {Du- 
plicates agreed  consistently  to  o.i  percent.) 

The  second  method  adopted,  consisted  in  adding  to 
the  mixture  a  "tell-tale"  substance  which  dissolved  in  the 
liquid  without  entering  into  the  composition  of  the  solid  phase, 
and  determining  the  quantity  of  the  liquid  in  the  wet  solid 
from  the  amount  of  the  telltale  found.  For  this  purpose, 
ammonium  sulphate  was  used.  It  was  hoped  that  by  using 
different  tell-tales  in  duplicate  experiments  their  non-par- 
ticipation in  the  solid  could  he  proved  from  the  identity  of 
the  composition  calculated  for  the  .solid  phase,  but  a  satis- 
factory second  tell-tale  substance  was  not  found.  However, 
bv  adding  the  ammonium  sulphate  in  small  quantities  after 
equilibrium  was  established  the  chance  of  its  forming  solid 
solutions  was  minimized.  The  far  greater  analytical  errors 
of  this  method  are  partly  compensated  for  by  their  much 
smaller  effect  on  the  result.  For  example,  taking,  as  be- 
fore, the  case  of  2Fe03SO,2H,0,  an  error  of  o.i  percent 
in  the  SO,  in  the  wet  solid  would  cause  an  error  of  only  about 
1.5  percent  in  the  ratio  of  H,0  to  SO,  in  the  dry  solid.  On 
the  ratio  of  FeO  to  SO,,  both  of  which  were  determined 
directly,  the  effect  of  the  error  is  much  smaller,  and  the  method 
serves  to  give  this  ratio  with  a  fair  degree  of  accuracy. 

Composition  by  Specific  Gravity  Method. — Stock  solu- 
tions of  sulphuric  acid  and  of  ferrous  sulphate  were  prepared 
and  carefully  analyzed— the  former  gravimetrically  and  the 
latter  by  permanganate.  With  these,  a  number  of  solutions 
were  made  up,  all  containing  0.000499  formula  weights 
FeO  per  gram  but  varj-ing  quantities  of  SO,.  Tlic  specific 
gravity  of  these  was  found  at  25.0"  in  a  20  cc  pyknometcr. 
The  results  are  expressed  by  the  interpolation  formula : 
>■  —  41.07  -f  1.2643  J-  —  0.001865%'  +  0.000004257 1*, 
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where  y  ^  grains  of  SO,  per  kilo  cH  solution  and  x  ^  isp. 
gr.  /  looo)  —  1080.  The  specific  gra\ity  is  compared  with 
water  at  25^  and  uncorrected.  In  making  the  analyses 
fA  the  wet  solids,  a  weighed  quantity  of  water,  sufficient  to 
crflTect  solution,  was  added  to  the  substance  and  the  FeO 
determined  in  a  portion  of  this  liquid  by  n,  10  permanganate. 
Enough  water  was  then  added  to  reduce  the  concentratkm 
of  the  iron  to  that  to  which  the  interpolation  formula  applied, 
and  finally  the  specific  gravit}'  of  the  solution  taken.  The 
SO,  in  the  wet  solid  was  calculated  from  the  formula,  the 
FeO  from  the  permanganate  reading,  and  the  ^i^ater  by 
difference. 

The  liquid  phases,  except  those  in  equilibrium  with 
tetra-  and  heptahydrates,  contained  only  traces  of  iron. 
In  these  it  was  fotmd  that  the  SO,  could  be  determined  quite 
accurately  with  w/5  potassium  hydroxide.  The  small  quantity 
of  iron  was  precipitated  and  oxidized  to  ferric  hydroxide; 
directly,  excess  of  alkali  was  added  and  had  no  effect  on  the 
end-point.  The  results  of  the  analyses  are  given  in  the 
following  table. 

Table  I* 


y. 


Receipt 


Cotnp.  of  wet 
Comp.  of  liquid,  solid.   To  total 
To  I  SO,  of  I  formula 

weight 


Solid  ph 


Residue' 

370  cc  acid' 

120  cc  fuming  acid 

Residue 
450  cc  acid 


I. 122    H,0 
0.0002  FeO 


1.226    H^O 
0.0004  F^ 


0.0494  FeO 

o  4835  SO, 
0.4671  H,0 

0.0428  FeO 
o .  4695  SO, 
0.4877  H^O 


Fe04SO,3H,0 


Fe04SO,3HjO 


*  In  Experiments  1-4  another  interpolation  formula  was  used  corre- 
sponding to  a  smaller  concentration  of  FeO.  In  Exps.  20-22  the  SO,  was 
detennined  directly  as  barium  sulphate. 

'  By  "residue"  is  meant  the  wet  solid  made  by  shaking  40  grams  ferrous 
sulphate  heptahydrate  with  470  cc  concentrated  sulphuric  add  and  pouring  off 

the  liquid. 

'  By  "acid"  is  meant  chemically  pure  sulphuric  add,  specific  gravity  1.84. 
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I  Comp.  of  wet 

Comp.  of  liquid,  solid.    To  total 
To  I  SO)  of  1  fonniita 

weight 


20  gram  salt' 
460  cc  acid 

Identical  witb 
No.  2  -f  15  cc 
water 

40  gram  sail 
400  cc  acid 


3  gram  salt 
aoo  cc  acid 


30  graQi  salt 
300  cc  acid 


45  gram  salt 
200  cc  acid 


55  gram  salt 
200  cc  acid 


60  grams  salt 
I  200  cc  acid 


8j  grams  sail 
200  cc  acid 


100  grams  salt 
.  200  cc  acid 


90  grams  salt 
150  cc  acid 


.1.275    H.0 
0.0005  FcO 


1.34!    H,0 
?        FeO 


r.382    H,0 
?        FeO 


I . 407    H,0 
0.0008  FeO 

.456    H,0 
0.0009  FeO 

■  595    H,0 
I  o.cx)i3  FeO 

'1.637    H,0 
I  0.0014  P^ 


I  r.697    H,0 
0.0014  F^ 


1.822  h:,o 

0.0011  FeO 


209    H,0 

• .  00  u  FeO 


0.0497  FeO 
0.4632  SO. 
0.4871  H,0 

0.0434  FeO 
0.4391  SO, 
I  0-5175  H,0 

0.0737  FeO 
I  0.4676  SOj 
.  0.4587  H,0 

o .  1 1 20  FeO 
0.4550  SO, 
"  4330  H,0 

1153  FeO 
4482  SOj 
4365  H,0 
1 191  FeO 

437a  SO, 

4437  H,0 

.0690  FeO 
.  3902  SO, 
5408  H,0 

0634  FeO 
3866  SO, 
5500  H,0 

0632  FeO 
3678  SO, 
5690  H,0 

0,0636  FeO 
j  0.3591  SO, 
'  0.5773  H,0 

0.0853  FeO 

o  3442  SO, 
o  57'>.S  H.,.) 


FeO4S0,3H,O 


Fe04S0,3H,0 
probably  in  un- 
stable equilib. 


Fe02S0jH,O 

Fe02S0,H,0 

2Fe03SO,jH,0 

2Fe03SO,aH,0 

2Fe03SO,2H,0 

2Fe03SO,2H,0 

2Fe03SO,2H,0 


t  recrystalHied  ferrous  sulphate  hepCahydrate. 
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TablB  I— (Continued) 


1 

Comp.ofnet 

Receipt 

Conip.  ol 

S"'^- 

solid.    To  total 
of  I  Formula 

Solid  phw* 

K 

weight 

13 

II3.S  grams  salt 

2.186 

H,0 

0.1770  FeO 

Two  phases: 

150  cc  add 

O.OOI 

FeO 

0 

3462  SO, 
4768  H,0 

2Fe03SO,2H,0 
FeOSO,H,0 

15 

75  grams  salt 

2-385 

H,0 

0 

1496  FeO 

150  cc  add 

0.0006  FeO 

0 

3>34SO, 

FeOSO,H,0 

26  cc  water 

0 

5370  H,0 

16 

75  grams  salt 

a.  685 

H,0 

0 

1718  FeO 

150  cc  add 

o.ooai 

FeO 

0 

3016  SO, 

FeOSO,H,0 

41  cc  water 

0 

5266  H,0 

17 

60  grams  salt 

3.J00 

H,0 

0 

1366  FeO 

120  cc  add 

o.oooj 

FeO 

0 

2750  SO, 

FeOSO,H,0 

56  cc  water 

0 

5884  H,0 

18 

60  grams  salt 

3.921 

H,0 

0 

1285  FeO 

120  cc  acid 

0.0006  FeO 

0 

=53  ■  SO, 

FeOS0,H,0 

80  cc  water 

0 

6184  H,0 

^9 

80  grams  salt 

5   107 

H,0 

0 

1 1 19  PeO 

100  cc  add 

0.002 

FeO 

0 

2210  SO, 

FeOSO,H,0 

100  cc  water 

0 

6671  H,0 

30 

28  grams  salt 

7-93 

H,0 

0 

197    FeO 

Two  phases: 

7  ccacid 

0.106 

FeO 

0 

236    SO, 

FeOSO,H,0 

15  cc  water 

0 

567     H,0 

FeOSO,7Fl,0 

blue  crys- 

tals dried 

1  I            FeO 

1  1. 001    SO, 

1  6.974    H,0 

31 

28  grams  salt 

8.97 

H,0  '  Dried  crys- 

7  cc  add 

0.142 

FeO  1  tals 

r5  cc  water 

1            FeO 
1.004    SO, 

I4-15      H,0 

FcOSOrtHjO 

22 

28  grams  salt 

15  0 

H,0  '  Dried  cr>-s- 

jecadd 

0.287 

FeO     tals 

20  cc  water 

1            FeO 
,0.999    SO, 

FeOSO,7H,0 

7 

11     H,0 
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Explanation  oj  Table  I. — The  numbers  in  the  first  column 
correspond  with  the  numbers  in  the  triangular  diagram 
(See  Figure)  in  which  each  corner  represents  one  formula 
weight  of  the  substar.ce  marked. 

The  second  column  contains  the  receipts  by  which  the 
mixtures  were  made  up  (Sec  foot-notes). 

In  the  third  column,  the  composition  of  the  liquid  phase 
is  given  in  formula  weights  of  HjO  and  F.eO  to  one  SO,. 

Column  four  shows  the  composition  of  wet  solid  in  fornmla 
weights  of  each  constituent  to  a  total  of  one  fornmla  weight 
(except  in  the  case  of  the  dried  crystals,  Exps.  20-22). 

The  last  colunm  shows  the  most  probable  formula  of 
the  solid  phase. 

Discussion  oj  Results. — The  lines  for  Exps.  i,  2,  3  and 
5  meet  very  nearly  in  the  point  corresponding  to  the  com- 
pound Fe04SO,3H30  (See  Figure),  and  this  formula  is  defi- 
nitely confirmed  by  Exp.  23  of  the  next  section  (See  Table  II). 

In  Exps.  4,  6,  7  and  8,  the  lines  converge  in  the  direction 
of  the  point  corresponding  to  Fe02S03HjO,  but  the  angle 
made  by  the  lines  is  so  small  that  the  compounds  4Fe06SO,H,0 
or  even  the  anhydrous  3Fe04SO,  (marked  with  crosses  on 
the  diagram)  might  also  be  said  to  represent  the  point  of 
convergence.  Exps.  24,  25  and  26  of  the  next  section,  fix 
the  ratio  of  FtO  to  SO,  as  Fe02S0,;  hence  the  formula 
Fe02SO,HjO  represents  the  composition  of  the  solid.  The 
result  of  Kxp.  4  is  doubtful.  The  solid  phase  in  the  bottle 
was  undoubtedly  identical  with  that  in  Exps.  i,  2  and  3, 
both  in  texture  of  the  paste  and  in  microscopic  appearance. 
The  position  of  the  points  can  only  be  accounted  for  by  the 
as.sumption  that  the  solid  was  in  unstable  equilibrium  and 
changed  in  the  centrifuge  to  the  Fe02S0,Hj0. 

In  Exps.  9,  10,  II,  12  and  14  the  meeting  point  of  the 
lines  is  not  well-marked,  probably  owing  to  the  large  portion 
of  liquid  in  the  pastes  analyzed,  but  the  irregularity  of  the 
directions  does  not  warrant  the  assumption  of  a  solid  solution. 
The  points  corresponding  to  the  fornmlae  FeOSO,,  3FeO 
4SO,2Hp,    2Fe03SO,2H,0,    3Fe05SO,4H30,    Fe02S0,2Hp, 
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etc.,  in  which  the  ratio  of  FeO  to  SO,  increases  from  i :  i 
to  1:2,  all  lie  in  the  general  direction  of  the  lines.  Exps. 
27  to  30,  below,  point  to  the  ratio  2FeO:3SO,  (possibly 
3FeO:5SO,)  as  the  most  probable,  corresponding  with  the 
formula  2Fe03SO,2HjO  (possibly  sFeOsSO^Hp). 


FeO 


In  Exp.  13,  two  solid  phases  were  distinctly  seen  under 
the  microscope. 

Hxps.  1 5  to  20  leave  little  doubt  that  the  corresponding 
solid  phase  in  these  cases  is  FeOSOjHjO.  This  formula  is 
confirmed  by  Exp.  31,  below. 

In  Exp.  20,  the  solid  consisted  of  two  phases,  one,  blue 
and  the  other  white.  The  blue  crystals  were  picked  out, 
dried  with  filter  paper,  and  found  to  be  heptahydrate  (in 
unstable  equilibrium).  The  white  paste  was  analyzed  and 
gave  the  point  in  the  diagram  on  the  line  drawn  towards 
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FeOSOjHjO.  On  another  occasion,  the  same  mixture  gave 
the  result  shown  in  Exp.  21,  namely,  the  tetrahydrate.  A 
detailed  investigation  of  the  salts  in  equilibrium  with  these 
weaker  acids  was  not  made. 

Composition  by  Ammonium  Sulphate  Method. — In  these 
experiments,  FeO,  SO,,  (NH,),0  and  H,0  were  determined 
in  both  liquid  and  wet  solid.  The  iron  was  determined 
by  permanganate,  the  sulphuric  acid  as  barium  sulphate 
after  removing  the  iron  by  precipitating  twice  with  ammonia, 
and  the  small  amount  of  ammonium  by  distilling  with  excess 
of  lye  and  titrating  the  distilhite.  The  water  was  determined 
by  difference.  The  ratio  of  anmumium  in  liquid  and  wet 
solid,  which  unfortunately  could  not  be  determined  very 
accurately,  gave  the  amount  of  liquid  in  the  wet  solid.  The 
results  calculated  for  the  dry  solids  are  given  in  the  following 
table.  The  values  for  the  water,  on  which  the  effect  of  ex- 
perimental error  is  greatest,  are  too  inaccurate  to  be  of  much 
use,  but  the  ratio  of  FeO  to  SO,  is  sufficiently  accurate  to 
enable  one  to  decide  between  the  various  possible  formulae 
given  by  the  direction  of  the  lines  in  the  former  method. 

Explanation  oj  Table. — The  second  column  gives  the 
receipts  by  which  the  mixtures  were  made  up.  For  the 
meiining  of  the  words  Residue,  Acid  and  Salt  see  foot-note 
to  Table  I.  Under  the  heading  "Ammonium  Ratio"  is  given  the 
ratio  of  (NH,),0  in  the  wet  solid  to  that  in  the  solution,  ^frgrom. 

The  results  have  been  discussed  above  in  connection 
with  the  experiments  in  Table  I. 

Description  oj  Ike  solid  phases.- -The  substance  FeOSO, 
HjO  consists  of  very  minute  uniformly  sized  granular  crys- 
tals about  o.ooi  mm  in  diameter.  It  is  stable  in  contact 
with  solutions  of  compositions  from  SOj2.i86HjO  to  SO3 
7.93H,0,  at  which  point  (in  Kxp.  20)  the  heptahydrate  was 
formed.  It  is  identical  with  the  compound  described  by 
Jeremin'  and  may  correspond  with  v.  Bonsdorf's  FeSO,HjSO, 
6H,0,  (A  mixture  of  FeOSO,H,0  with  52.^  percent  of 
solution  S0,6H",0  has  this  composition.) 


■  B«r.  cbem.  Ges.  Bnlin,  i 
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The  substance  whose  composition  is  probably  2Fe03SO, 
2H2O  consists  apparently  of  fragments  of  small,  extremely 
thin  hexagons  from  0.005  ^o  0.0 1  mm  in  diameter.  Wet 
with  the  liquid  phase,  they  form  a  very  sticky  paste.  This 
paste  was  pure  white  in  most  cases,  but  in  some  of  the  earlier 
experiments  where  precautions  were  not  taken  to  exclude 
the  air,  it  had  a  distinct  greenish  tinge,  possibly  due  to  traces 
of  ferric  iron.  It  exists  in  contact  with  solutions  SO,i.637H,0 
(about)  to  SO32.186H2O.  It  is  probably  the  substance 
described  by  Jeremin*  as  **greenish  shining  crystals ..  very 
unstable,'*  to  which  he  assigns  the  formula  FeSO^sH^SO^sHjO. 
This  may  well  be  so,  since  a  mixture  containing  the  com- 
pound with  71.3  percent  of  liquid  phase  (of  composition 
SO,2HjO)  has  the  composition  of  Jeremin's  substance,  and 
it  is  ** unstable**  in  the  sense  that  a  very  slight  absorption 
of  water  from  the  atmosphere  would  cause  it  to  change  to 
the  granular  FeOSOjHjO. 

The  compound  Fe02S03HjO  exists  with  solutions 
SO,i.342HjO  to  (about)  SOgi.sgsHjO.  It  consists  of  ir- 
regular groups  of  fine  crystals  of  about  0.005  mm  diameter, 
and  is  probably  the  **ferrous  anhydrosulphate"  of  Bolas 
(FeSjO^)  which  he  **dried**  over  concentrated  sulphuric  acid. 

The  compound  Fe04SO,3H20  is  stable  with  solutions 
ranging  from  the  strongest  one  investigated,  SO3I.122HJO, 
to  (about)  SO,i.342H20.  The  crystals  are  fine  needles,  some 
of  the  largest  being  about  0.2  mm  long.  They  dissolve 
rapidly  in  water,  precipitating  the  FeOSOgHjO. 

The  solubility  of  all  the  compounds  in  the  liquid  phases 
(i.  e.,  the  amoimt  of  FeO  found  in  the  liquids)  is,  except  in 
the  cases  of  the  tetra  and  heptahydrates,  very  small.  There 
is  a  maximum  amount  of  iron  at  the  point  corresponding 
to  Exp.  9,  and  a  minimum  point  near  Exp.  17. 

Summary, — The  compositions  of  a  number  of  ferrous 
sulphates  and  their  range  of  existence  with  sulphuric  acid 
solutions  at  ordinary  temperatures  have  been  determined. 

*  Loc.  dt. 
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The  composition  of  the  solid  phase  was  obtained  by  a 
combination  of  two  methods  of  indirect  analysis,  each  of 
which  alone  was  insufficiently  accurate  for  the  purpose.  In 
the  first  method,  the  analyses  of  liquids  and  corresponding 
wet  solids  gave  the  values  of  a  and  6  in  a  number  of  equations 
to  straight  lines 

y  ^  ax  -\-  b,  y  ^  a'x  +  h\  etc., 

in  which  y  =  amount  of  FeO  and  x  =  amount  of  H2O  to 
I  SO,,  and  the  points  on  which  correspond  to  possible  com- 
positions of  the  solid  phase.  In  some  cases  the  values  of 
X  and  y  representing  the  composition  of  the  actual  solid, 
could  be  determined  from  the  cutting  point  of  these  lines; 
in  others  the  smallness  of  the  angles  made  this  impracticable. 
In  the  second  method,  each  analysis  of  liquid  and  correspond- 
ing wet  solid  gave  the  value  of  y  fairly  accurately,  although 
the  value  found  for  x  was  too  inaccurate  to  be  of  any  use. 
By  combining  the  two  methods  and  substituting  the  value 
of  y  given  by  the  second  method  in  any  of  the  equations  ob- 
tained by  the  first  the  value  of  x  could  be  determined. 

University  of  Toronto, 
September,  igo8. 
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THH  BKIIAVIOR  OF  COLLOIDAL  SUSPENSIONS  WITH 
IMMISCIBLIC  SOLVENTS 


DV   W.    LASH   MlLUiR   AND   R.    11.    MCPHERSON' 

Now  llial  thf  study  of  colloids  is  attracting  (jcneral 
inlcrt'sl,  and  convenient  methods  have  been  devised  for  the 
preparation  of  colloidal  solutions  in  solvents  other  tlian 
water,  it  seems  desirable  to  study  the  behavior  of  such  solu- 
tions when  brought  together,  with  a  view  to  discovering,  if 
Ihey  exist,  cases  of  efiuilibrium  analogous  to  the  distribution 
of  iodine  between  ether  and  water.* 

The  prevalent  theory  of  colloidal  solutions,  which  re- 
presents them  as  finely  divided  suspensions  in  an  inert  liquid, 
seems  at  first  sight  to  negative  the  possibility  of  anj'  such 
distribution.  Graham's  experiments,' however,  and  the  more 
recent  work  of  Linder  and  Picton*  show  that  numy  colloids 
possess  the  power  of  diffusion.  (.  e.,  that  their  chemical  potential 
increases  with  increase  of  their  concentration;*  and  lis,  from 
the  point  of  view  of  the  phase  rule,  a  suspension  whose  poten- 
tial depends  on  its  concentration  cannot  be  distinguished  ■ 
from  the  constituent  of  a  "true"  solution,  the  phenomena  of 
distribution  may  as  legitimately  be  expected  in  one  case  as 
in  the  other.  Where  the  change  of  potential  with  the  con- 
centration is  slight,  I.  f.,  where  the  osmotic  pressure  is  small 
(or  the  "  molecular  weight "  of  the  solute  or  suspension  is  high), 
as  in  the  case  of  the  colloids,  very  slight  differences  in  the 
properties — surface  tension,  dielectric  constant  (Perrin) — 
of  the  solvent  might  be  sufficient  to  offset  considerable  changes 

'  Read  befoft  the  section  for  Physical  Chemistry  of  ilie  American  Chemicsl 
Sficiety.  June,  1908. 

•  Mr.  Manning  finds  Ihut  tannin  is  distributed  between  water  and  ether, 
etiiyl  acetate,  amyl  alcohol,  etc.;  the  solutions  have  mensurable  osmotic  pres- 
sure, however,  and  for  other  reasons  tannin  cannot  be  considered  to  be  a  typical 
colloid. 

K*  I'htl.  Trans.,  1861,  tSs:  fully  abstracted  in  Jahresber.  1861,  62-83. 

•Jour,  Chem.  Soc.,  61,  137  (1S91). 

'  The  theory  advocated  by  Perrin.  which  endows  the  colloid  particles 
with  electrical  charges,  leads  to  the  same  conclusion. 
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in  conct'nlration ;  so  that  one, would  expect  the  distribution 
to  be  very  one  sided,  and  measurable  only  under  special 
conditions.  These  considerations  suggest  that  instances  of 
the  distribution  of  colloids  between  two  solvents  are  most 
apt  to  be  discovered  by  working  wilh  colloids  of  marked 
diffusibility,  and  with  "immiscible  solvents"  of  almost 
identical  composition — such  as  the  'critical  solutions'  in  two 
component  systems  (phenol,  water)  or  the  two  phases  at  the 
plait  point  of  the  hinodal  cur\c  in  three  eontix>ntiit  systems 
(water,  chloroform,  alcohol,  etc.)- 

The  experiments  of  Winkelblech  on  colloids  and  im- 
miscible solvents  made  the  probability  of  realizing  the  ideas 
set  out  in  the  preceding  paragraph  seem  somewhat  remote. 
In  a  paper  published  in  it,o6'  tliat  author  describes  "a  hither- 
to unknown  reaction  for  dissolvtd  colloids"  which  consists 
in  shaking  the  colloidal  solution  wilh  petroleum.  l)en/cne, 
chloroform,  carbon  disiilphide,  or  other  immiscible  solvent, 
whereupon  the  colloidal  coagulates  and  collects  in  the  emul- 
sion which  is  fornud  at  the  surface  of  separation  of  the  two 
solvents.  This  reaction  leads  to  a  dehcate  method  for  the 
quantitative  determination  of  gelatine,  and  succeeds  also 
with  glutin.  albumen,  tannic  acid,  soluble  starch,  soap,  wine, 
beer,  water-glass,  alkaline  solutions  of  colophonium  and  of 
sulphur,  and  solutions  of  silicic  acid  in  anminnia- 

Tliis  reaction,  if  general,  would  make  the  experimental 
sliuiy  of  niuilibriuni  in  heterogeneous  systems  involving 
colloidal  solutions  difficult  if  not  iirpossible.  Winkelb'ech 
himself,  however,  has  discussed  an  exception :  shaking  gelatine 
solutions  with  ether  does  not  produce  coagulation — and  it 
seemed  possible  that  among  the  colloidal  suspensions  'none 
of  wliieli  were  studied  bv  \V'inkelb'e:li)  oth  r-  might  be  fomid. 
Silver,  water,  Isobutyl  or  amyl  alcohol 

Our  first  experiments  were  tried  with  colloidal  metals 
prepared  by  the  methods  of  Brcdig'  and  of  Svedberg.*     Silver 

'  Zeit.  angcw.  Cliem,,  15,  i9Si  (i)oS), 
•Zcit.  pliys.  Clicm,,  3J,  117  (it)oi), 
•  Ber.  chcm,  Ccs.,  38,  361(1  (1905). 
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hydrosol  is  completely  coagulated  by  shaking  with  com- 
mercial amyl  alcohol  or  with  isobutyl  alcohol  (traces  of  either 
of  which  nmch  reduce  the  surface-tension  of  water) ;  shaking 
however  is.  necessary,  merely  pouring  a  layer  of  the  alcohol 
over  the  hydrosol  does  not  cause  coagulation. 

The  * isobutylalcosol'  and  'amylalcosol'  of  silver  by 
shaking  with  water,  likewise  are  completely  coagulated. 

Silver,  water,  phenol 

When  phenol  liquefied  by  a  few  drops  of  water  is  added 
to  the  hydrosol  and  a  homogeneous  solution  formed  by  warm- 
ing, no  coagulation  takes  place  even  on  standing;  but  if  the 
solution  is  allowed  to  cool  until  it  becomes  milky  from  separa- 
tion into  two  layers,  and  is  then  warmed  again  until  homo- 
geneous, all  the  silver  is  precipitated. 

These  experiments,  while  not  resulting  as  had  been 
hoped,  show  the  dependence  of  the  Winkelblech  effect  on  the 
formation  of  surface,  i,  e,,  on  capillary  forces,  and  serve  to 
connect  it  with  the  separation  of  fibrin  from  blood  by  '  whip- 
ping '  and  with  the  formation  of  scum  on  the  surface  of  streams 
near  waterfalls  and  rapids. 

Silver,  water,  chloroform,  alcohol 

When  silver  hydrosol  is  shaken  with  chloroform,  very 
little  coagulation  takes  place  and  none  of  the  silver  goes 
into  the  chloroform.  Reciprocally,  water  does  not  attract 
silver  from  the  *chloroformsol.* 

On  adding  alcohol  to  the  systems:  hydrosol-chloroform 
or  chloroformsol-water,  and  shaking  to  secure  equilibrium, 
most  of  the  silver  is  coagulated,  and  what  remains  in  sus- 
pension is  retained  by  the  layer  of  liquid  in  which  it  was 
originally  present.  The  chloroform  may  be  replaced  by  carbon 
tetrachloride  and  the  silver  by  gold,  without  materially 
modifying  the  result.  These  observations  seem  important, 
but  as  it  was  not  found  possible  to  prepare  metallic  sus- 
pensions in  chloroform  or  carbon  tetrachloride  free  from 
tarry  matter,  too  much  stress  must  not  be  laid  on  them. 
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Arsenic  trlsulphlde,  water,  chloroform,  alcohol 

This  system  is  distinguished  from  the  last  by  the  much 
greater  stabihty  of  the  colloid;  the  hydrosol  may  be  shaken 
with  chloroform  in  presence  or  absence  of  alcohol,  and  homo- 
geneous solutions  may  be  "split"  or  rendered  heterogeneous 
by  addition  of  water  or  of  chloroform  without  coagulation 
ensuing.  It  consequently  seemed  more  suitable  for  the 
object  in  view,  and  the  work  with  colloidal  metals  was  dis- 
continued. 

In  the  preliminary  experiments,  whenever  two  liquid 
layers  were  formed  the  arsenious  sulphide  was  always  con- 
tained exclusively  in  the  upper  layer,  no  matter  what  the 
proportions  of  the  reagents  (aqueous  solution  of  arsenious 
acid,  hydrogen  sulphide  water,  alcohol,  chloroform).  If 
distribution  was  to  be  observed  at  all,  it  was  therefore  neces- 
sary to  fi  d  the  proportions  in  which  water  chloroform  and 
alcohol  must  be  mixed  to  give  two  liquid  layers  of  almost 
identical  composition. 

Determination  of  the  blnodal  curve,  tle-llnes  and  pUlt-polnt 

The  system  water-chloroform- alcohol  has  been  studied  by 
Bancroft'  to  whom  in  fact  is  due  most  of  our  experimental 
knowledge  of  simitar  equilibria;  the  data  for  the  curve  plotted 
in  Fig.  I,  however,  were  not  taken  from  his  measurements 
which  were  carried  out  in  a  thermostat  at  20°.  but  were 
obtained  directly  by  a  series  of  determinations  made  without 
special  precautions  at  room  temperature.  The  abscissae 
give  the  volumes  of  chloroform  (ai  d  h:r  ce  of  water,  the  sum  in 
every  case  being  10  cc)  and  the  ordu  lUes  the  volumes  of 
alcohol  needed  to  produce  hoiroger.eily.  The  curve  so  ob- 
tained is  the    '  binodal  cur\e"  of  Schreinemakers. 

When  the  volume  of  chloroform  used  was  ,1  cc  or  less, 
addition  of  alcohol  caused  the  lower  laytr  to  gradually  grow 
less  and  finally  to  disappear;  when  4  cc  cr  more  was  used, 
the   upper  layer  disappeared.     The  abscissa  of  the  "plait- 
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point"  therefore  must  lie  between  3  and  4.  To  find  its  posi- 
tion more  accurately,  3.5  cc  chloroform  and  6.5  cc  water  were 
mixed  in  a  tall  cylinder  of  25  cc  capacity  graduated  in  i/io  cc, 
alcohol  was  added  from  a  burette,  and,  after  shaking,  the 
volumts  of  the  two  phases  were  read  (sec  Table  2).  Then, 
through  the  point  in  Fig.   i   which  represents  the  total  com- 


position of  the  system,  a  straight  line  was  drawn  terminated 
at  either  end  by  the  binodal  eur\'e,  its  direction  being  so 
chosen  that  the  lengths  of  the  two  portions  (to  right  and  left 
of  the  abscissa  3.5)  stood  in  the  proportion  of  the  volumes 
of  the  upper  and  lower  liquid  layer  respectively. 

If  in  place  of  the  volumes  of  the  two  layers  their  weights 
had  been  determined— or  what  is  the  same  thing,  if  their 
specific  gravities  were  the  same--the  line  so  drawn  would 
be  a  "tie-line"  and  its  extremities  would  give  the  composi- 
tions of  the  two  phases  in  equilibrium.  Near  the  plait-point 
the  compositions  and  consequently  the  densities  of  the  two 
liquids  are  almost  identical;  lower  down  in  the  figure  the 
graph  gives  only  a  first  approximation  to  the  compositions, 
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which  might  be  improved  by  introtiucirg^  the  densities  cal- 
culated from  the  approximately  known  compositions  of  the 
two  layers  and  the  densities  of  alcohol  water  a'.d  chloroform, 
neglecting  contraction  on  mixing. 

The  position  of  the  "plail-point,"  /.  e..  the  composition 
of.  the  system  in  which  the  two  layers  of  liquid  are  almost 
identical  in  coniposition,  was  found  graphically,  and  checked 
by  direct  experiment :  it  is  chloroform  3.5  cc,  water  6.5  cc,  alco- 
hol 9.8  cc. 

Arsenic  trisulphide,  water,  chloroform,  alcohol,  near  the 
plait-point 

Solutions  were  then  made  up  containing  5.5  cc  chloro- 
form, 4.5  cc  "water"  (i.  e..  4.5  cc  altogether  of  the  solutions  of 
arsenious  acid  and  hydrogen  sulphide  in  various  proportions) 
and  alcohol  in  quantity  almost  sufficient  to  make  a  homo- 
geneous solution.  The  actual  amount  of  alcohol  needed  de- 
pends on  the  temperature  and  also  no  doubt  on  the  excess  of 
arsenious  acid  or  of  hydrogen  sulphide  present,  but  it  was 
not  far  from  9.6  cc.  In  no  case  was  distribution  observed; 
the  sulphide  always  remained  altogether  in  the  upper  layer, 
although  in  one  experiment  the  conipositiors  of  the  two 
phases  were  so  nearly  identical  that  partial  separation  was 
effected  only  by  five  minutes  whirling  in  a  good  centrifuge 
(10  inch  arm,  2000  rev.  per  minute)  while  complete  separa- 
tion needed  a  quarter  of  an  hour.  In  this  experiment  the 
total  volume  was  15  cc,  and  the  volumes  of  the  two  phases 
after  separation  were  almost  exactly  equal;  addition  of  less 
than  I  ,'60  0.03  cc  of  alcohol  made  the  whole  homogeneous. 

To  ascertain  whether  the  arsenious  sulphide  remained 
in  tlic  upper  layer  because  of  some  "passive  resistance," 
pairs  of  solutions — upper  and  lower— were  made  up  from  the 
data  of  Fig.  i,  using  pure  water  in  the  prepju-ation  of  the 
"upper"  and  the  solutions  of  arsenious  acid  and  hydrogen 
sulphide  in  the  preparation  of  the  "lower"  layers.  On 
mixing,  while  the  volumes  of  the  two  layers  remained  un- 
altered, the  arsenious  sulphide  passed  completely  from  the 
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lower  to  the  upper  layers.  "Passive  resistances"  therefore 
cannot  be  invoked  to  explain  the  very  one  sided  distribution 
observed. 

The  slight  difference  in  composition  and  properties  of 
the  two  liquids  evidently  determined  the  distribution  of  the 
arsenious  sulphide  at  equilibrium,  from  which  it  follows  that 
the  influence  of  the  concentration  of  the  latter  on  its  chemical 
potential  must  be  slight  indeed-  -a  calculation  based  on 
Perrin's  theory  and  on  measurements  of  the  dielectric  con- 
stants of  the  boundary  solutions  near  the  plait-point  might 
lead  to  a  lower  limit  for  the  'molecular  weight'  of  the  sul- 
phide. 

Arsenic  trisulphide,  water,  chloroform,  acetone 

The  alcohol  of  the  preceding  sections  was  replaced  by 
acetone;  but,  as  before,  the  arsenious  sulphide  remained  in  the 
upper  layer  until  the  last  drop  of  acetone  removed  the  hetero- 
geneity. The  composition  at  the  plait-point  is:  water  2.9  cc, 
chloroform  i.o  cc,  acetone  8.1  cc. 

Arsenic  trisulphide,  water,  ether,  alcohol 

Tables  i  and  2  and  Fig.  i  give  the  data  for  the  binodal 
curve,  tie-lines  and  plait-point.  A  glance  at  Fig.  i  shows 
that  the  ether  curve  is  much  flatter,  i.  e.,  that  in  the  system 
ether-water-alcohol,  addition  of  a  drop  of  alcohol  produces 
more  change  in  the  compositions  of  the  two  layers  than  it 
does  in  the  system  chloroform -water-alcohol.  To  approach 
the  plait -point  by  rough  and  ready  methods  is  therefore  much 
easier  when  chloroform  is  used  than  with  ether;  and  from 
this  point  of  view  the  latter  system  seem  even  less  likely 
to  afford  instances  of  distribution  than  the  former. 

As  a  matter  of  fact,  however,  distribution  was  readily 
observed  over  a  fairly  wide  range  of  composition  on  either 
side  of  the  abscissa  of  the  plait -point.  The  experiments  were 
carried  out  by  mixing  measured  volumes  of  1  percent  arsenious 
acid  solution,  ether,  alcohol,  and  sulphuretted  hydrogen 
water  (either  old  or  freshly  prepared)  in  the  order  given, 
taking  somewhat  less  alcohol  than  was  necessary  to  make  a  , 
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homogeneous  solution,  and  then  adding  more  alcohol  drop 
by  drop,  shaking,  and  letting  stand  until  the  two  layers 
separated.  As  each  drop  of  alcohol  was  added  and  the  two 
layers  approached  one  another  in  composition,  the  amount  of 
arsenious  sulphide  in  the  upper  layer  increased  until  the 
colors  of  the  two  layers  were  almost  equal.  More  of  the 
sulphide  went  into  the  upper  layers,  other  things  being  equal, 
when  excess  of  hydrogen  sulphide  was  used;  but  even  with 
a  considerable  excess  of  arsenic  (recognized  by  coagulating 
the  sulphide  with  a  drop  of  hydrochloric  acid,  filtering,  and 
treating  separate  portions  of  the  filtrate  with  arsenious  acid 
and  with  hydrogen  sulphide  respectively)  the  distribution  was 
easily  observable. 

Left  to  themselves,  such  two  layered  systems  with  tlis- 
tributed  sulphide  may  remain  for  days  apparently  unchanged; 
but  it  was  generally  observed  that  sooner  or  later  the  upper 
layer  lost  its  yellow  color. 

The  upper  layer  is  a  very  clear  yellow  with  a  touch  of 
orange,  and  none  of  that  milkiness  usually  observed  with  col- 
loidal solutions;  in  this  respect  it  resembles  Linder  and  Picton's 
Arsenious  sulphide  d  which  gave  no  Tyndall  effect;  the  lower 
layer  was  almost  equally  clear.  It  is,  in  fact,  only  witli  such 
clear  solutions  that  distribution  was  observed;  if  ether  and 
alcohol  were  added  to  the  ordinary  boiled  arsenious  sulphide 
hydrosol,  which  relatively  speaking  is  quite  turbid,  the  sul- 
phide remained  in  the  lower  layer  until  the  last  drop  of 
alcohol  made  the  whole  homogeneous.  By  adding  ether  to  a 
two-layered  system,  the  volume  of  the  lower  layer  may  be 
diminished  and  the  arsenious  sulphide  in  it  concentrated. 
When  the  concentration  reaches  a  certain  point,  depending 
on  the  composition  of  the  system,  a  trace  of  cloudiness  may 
be  detected,  which  increases  with  further  addition  of  ether; 
the  color  at  the  same  time  changes  from  orange-yellow  to  a 
more  Icmon-ycllow  tint.  It  is  thus  possible  to  pass  gradually, 
or  'continuously'  so  to  speak,  from  perfectly  clear  to  almost 
opaque  colloidal  solutions.  Any  one  of  these  may  be  brought 
to  the  plait-point  by  adding  alcohol  and  water  in  suitable 
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quantities,  distribution  becoming  less  as  the  clarity  of  the 
solution  diminishes. 

The  distribution  of  arsenic  and  sulphur  between  the  two 
phases  has  not  yet  been  studied ;  it  is  possible  that  even  when 
arsenious  acid  and  hydrogen  sulphide  have  been  added  in 
equivalent  quantities  the  upper  layer  may  contain  more 
sulphur  than  is  equivalent  to  the  arsenic  it  contains.  Nor 
has  the  effect  (if  measurable)  of  the  sulphide  on  the  com- 
position of  the  system  at  the  plait-point,  or  on  the  tempera- 
ture at  which  a  system  of  given  composition  becomes  homo- 
geneous, been  determined.  These  matters,  together  with  a 
quantitative  investigation  of  the  effect  of  hydrogen  sulphide 
on  the  distribution  ratios  will  be  taken  up  in  this  laboratory 
during  the  coming  winter. 

Arsenic  trisulphide,  water,  ether,  acetone 

The  composition  at  the  plait -point  is  about :  water  4  cc, 
ether  5  cc,  acetone  8  cc.     Distribution  was  observed. 

Arsenic  trisulphide,  water,  ethyl  acetate,  alcohol 

See  Tables  i  and  2  and  Fig.  i.  Distribution  may  be 
observed  here  also,  though  not  so  readily  as  when  ether  is 
employed.  The  observations  are  interfered  with  by  the 
saponification  of  the  acetate,  which  may  render  a  hetero- 
geneous sjstem  homogeneous  on  standing. 

Arsenic  trisulphide,  water,  ethyl  acetate,  propyl  alcohol 

The  composition  at  the  plait -point  is  about:  water  12  cc, 
ethyl  acetate  5  cc,  propyl  alcohol  7  cc.  Distribution  was 
observed. 

Antimony  trisulphide,  water,  ether,  alcohol 

A  dilute  solution  of  tartar  emetic  was  substituted  for  the 
arsenious  acid.  Distribution  was  observed;  after  a  few  days 
the  upper  layer  had  become  colorless,  and  finally  all  the 
antimony  sulphide  subsided  from  both  layers. 

Antimony  trisulphide,  water,  chloroform,  alcohol 

No  distribution  was  observed;  the  sulphide  remains  in 
the  upper  layer  as  is  the  case  with  arsenious  sulphide.     We 
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intend  to  carry  out  similar  experiments  with  benzene,  carlxin 
disulpliide,  etc.,  to  sec  whether  these  substances  resemble 
cliloroforin  from  this  point  of  vilw. 

Copper  sulphide,  water,  ether,  alcohol 
A  very  dilute  solution  of  copper  acetate  w;is  used  in  place 
of  the  arsinious  acid.  No  distribution  was  observed,  the 
sulphide  remaining  in  the  lower  layer  although  the  plait- 
point  was  approached  very  closely.  This  agrees  with  Linder 
and  Picton's  opinion  that  colloidal  solutions  of  copper  sul- 
phide arc  much  further  removed  from  the  state  of  'true' 
solution  than  ;ire  those  of  arsenious  sulphide. 

Summary 

The  occurrence  of  distribution  of  colloids  between  two 
immiscible  solvents  is  not  a  priori  impossible  either  from  the 
point  of  view  of  the  phase  rule  or  from  that  of  the  electrified 
suspension  theory  of  colloidal  solutions.  It  may  probably 
be  easiest  observed  in  the  case  of  colloids  with  marked  power 
of  diffusion,  and  "  immiscible  solvents"  which  approach  each 
other  closely  in  properties  and  composition  such  as  those  near 
the  'critical  solution  temperature'  in  two  component  systems. 
or  the  solutions  at  the  plait-point  of  the  bincxlal  curve  in 
three  component  systems. 

The  Winkclblech  effect  interferes  with  the  observation 
of  such  cases  of  equilibrium,  for  instance  in  the  case  of  silver 
hydrosol  and  phenol,  amyl  alcohol,  or  isobutyl  alcohol.  Two 
experiments  show  the  dependence  of  the  Winkclblech  effect  on 
capillary  forces. 

Chloroform  and  alcohol  do  not  coagulate  the  hydrosol 
of  arsenious  sulphide;  but  no  distribution  was  observed  even 
at  the  plait-point;  this  is  not  due  to  'passive  resistance.' 
The  same  is  true  when  the  alcohol  is  replaced  by  acetone; 
but  if  ether  or  ethyl  acetate  be  substituted  for  the  chloro- 
form distribution  readily  occurs,  whether  the  consolute  liquid 
be  alcohol,  acetone,  or  propyl  alcohol. 

In   this  connection   a  rapid    method   of  approximately 
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detcrnuning  the  binodal  curve,  tie-lines,  and  plait-point  is 
described. 

Antimony  trisulphide,  like  the  sulphide  of  arsenic,  dis- 
tributes between  the  two  liquid  phases  in  the  system  water- 
ether-alcohol,  but  not  in  the  system  water-chloroform-alcohol. 

Copper  sulphide  does  not  distribute  in  the  system  water- 
ether-alcohol. 

Table  i 
Binodal  Curves,  Room  Temperature 
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Tie-Lines 
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LXXVII. — Sonw  Esters  of  Antimony  Trioxide. 
By  JoBN  Francis  MacKey. 
Im  a  previous  paper,  Lang,  MacEey,  and  Gortaer  (Trans., 
83,  1364)  described  a  method  for  the  eaterificatio 
oxide  with  the  fatty  alcohols  and  with  phenol  and  ita  honiologiieB 
by  removing  the  water  produced  by  the  renction : 
6R0H  +  AssOj  =  2agAs03  +  3HjO 
as  qiiirkly  as  it  waa  formed  by  means  of  anhydrous  copper 
sulphate  placed  in  a  Soxhlet  tube  attached  to  a  Dask  containing 
weighed  ciuantities  of  the  reacting  substances.  By  this  means  a 
large  number  of  esters,  which  other  methods  had  failed  to  produce, 
were  prepared  in  quantity,  and  found  to  correspond  with  the 
general  formula  RjAsOj.  In  the  present  work,  attempta  were 
made  to  form  the  corresponding  eaters  of  antimony  liy  live  diRereiil 
methods,  namely :  (1)  heating  a  mixture  of  the  alcohol  and 
Kutimony    trioxide    iu    a    flask    to    which    a    reflux    condenaer    was 
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I  of  Lbe  VAriuus  akobols  nere  mUed  nitfa  antimonjr  triozide 
LDcl  a  vonaidci'sble  amount  of  aiibydrous  copper  sulphate.  The 
ixtiire  was  then  placed  in  a  sliaking  machine  for  three  d&yH  al 
I  temperalurc.  In  the  case  of  teubutyl  and  uoamyl  alcohols, 
B  were  formed,  but  not  in  quautitiee  aufBcient  to  enable  them 
)  be  isolated. 

(iv)   Hralinij    with    Su-T/Url    altachment    and    anhyi!rou»    cupper 

aipfialf. — TUrty  grains  of  antimony  trioxide  were  added  to  160 

s  of  uoamyl  alcohol  in  a  250  c.c.  flask.     An  ordinary  Soxhlet 

^bc  was  connected  with  the  llask,  and  a  condenser,  litted  nitb 

calcium  chloride  tube,  attached  to  the  Soxhlet,  which  contained 

.  largo  inter    puper   lilted  with    aDhydroiis   copper   sulphate;    the 

'  mixture  in  tlie  flask  wan  bcatod  lo  boiling,  and  lbe  water  formed 

by  the  reaction  was  absorbed  by  the  copper  aii!pbat«,  which  turned 

blue  as  luion   as    the    lirst   drops  of    eondenscd    liquid    fell    on    it. 

Heating  was  continue^  for  about  fifteen  hours;  after  cooling,  the 

clear   product  was   poured   oS   from   the   antimony  trioxide   and 

fractionated    under    diminished    pressure.     About    lO'S    grams    of 

the  ester  were  formed,  representing  a  yield  of  1363  per  cent. 

By  this  method  eaters  were  forni^  with   methyl,  ethyl,  propyl, 

Lwubutyl,   amyl,   and   tiuaiuyl    alcohols,   as   shown  in    the   following 

Uble: 

Tnhle  of  yirliU  fcy  rariotit  method: 

Anhydrmis  roiippr  BuliihnW. 

Ki^flii.  1.1  »^M  . — ' — , 

Kster.                    runilrnwr.  tiiln's.  lu  tlio  uuUl.           lu  Soxlilcl. 

Hothyl     nil  uil              nil              S-0»  {>er  uodI. 

Klhjl „  „                „                3-W      .. 

Propyl ,.                .,              13-3 

HvBntjl   tnw  ,,                Lraue            1511 

Amyl    nil  .,               nil             iS-lfl        „ 

Aofmyl   tnuw  „              tntvu           13-02       ,, 

'  It  will  Iw  nuUvHl  tlitl  tlio  xaiiju  vx(r«ni»1;y  luw  yiul<l  oliwUr  wiLli  ethyl  &lci>hol 
RiirieJ  lu  tlie  ptu|iaintinii  uf  Ilm  eslu-n  ol  iiisuiiiuiu  naA,  ileocribed  iu  a  runner 
hint,  whcrn  ■  jiouiblu  cxjiIiQation  wu  iu)vanL-ed. 

These  Qsters  were  purilied  and  analysed,  the  following  methods 
\  analysis  being  employed. 

Method  of  analytis  for  rttera  of  the  aiiphatie  aleohoU  (utituj 
wl-itoamyl  anltmonile  as  an  esamjilf). — Two  methods  were  employed 
1  for  the  determination  of  the  antimony.  In  the  first  method, 
t  iodine  was  used  to  oxidise  the  trioxide  to  the  peutoxide,  but  was 
f  nut  found  to  give  accurate  results,  so  thab  the  following  procedure 
I  was  adopted. 

1  01157  Grams  of  the  ester  were  decomposed  by  S  c.c.  of  con- 
L  MBlrftled  hydrochloric  add,  60  c.c.  of  tartaric  Acid  solution  were 
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added,  and  the  antimony  was  precipitated  from  this  solution  by 
means  of  hydrogen  sulphide;  the  antimony  sulphide  thus  formed 
vas  converted  into  antimony  tetroicide  by  ti'eaLment  nith  fuming 
nitric  acid  and  ignited : 

1-0057  gave  0'4U24    8^04.     Sb  =  31'57. 

CVsHjjO,8b   roquirOB  Sh:.=  31-48  per  cent, 

TbiB  method  of  analysis  gave  the  following  results: 

rentalagw  of  Sb 

Poroontuge  of  i;alGiiliil«d  (roni  tht 

EsUr.  Sb  I'mind.  roriuiilii  It^^bO,. 

Mrthjl 6e-S8  56-41 

Kthyf —  na 

Prouyt  40-2S1  40-40 

uaBntrl   a6-3T  JtfiMO 

Aniyl    Sl-U  31  .15 

l*iAmyl ai-a*  SI -18 

Espressing  these  u  salts  of  aulimonuus  acid,  we  arrive  »t  the 
general  formula  R^SbOg  lor  them. 

Praptrtiei  of  Ike  EiUrs  of  the  Aliji/iatic  Alco/iuU  mt/i  Antimony 
Trioxide. 

Meihyl  anlimonite  is  a  colourless  liquid,  b.  p.  65^,  sp.  gr. 
1025. 

Ethyl  antimonile  is  a  colourless  liquid,  b,   p.  115 — 120". 

Prciiii/l  antimonile  is  a  yellow  liquid,  sp,  gr.  1042,  b,  p. 
143°/ 30  mm.;  at  atmospheric  pressure  it  decomposes  into  propyl 
alcohol  and  antimony  trioxide  at  200"^. 

hoBulyl  antimonile  is  a  yellow,  mobile  liquid,  sp.  gr.  1'058, 
b.  p.  144°/30  mm.;  it  decomposes  into  uubutyt  alcohol  and 
antimony  ti'ioxide  at  250°  under  atmospheric  pressure. 

Aniyl    anlimonite     is     a     yellow     liquid,    ep.    gr.    1079,    b 
17U''/aO  mm. 

iaoAmyl  anlimonite  is  a  yellow,  mobile  liquid,  sp.  gr.  I'OSl, 
b.  p.  IG3°/30  mm.;  at  250°,  under  atmospheric  pressure,  it 
decomposes  into  antimony  trioxide  and  ttuamyl  alcohol. 

All  these  esters  are  readily  soluble  in  absolute  alcohol,  ether, 
chloroform,  or  benzene,  but  decompose  immediately  on  addition  of 
water  into  antimony  trioxide  and  the  alcohol  from  which  they  were 
prepared. 

The  6fth  method  was  not  employed  for  the  aliphatic  alcohols. 

Kiten  obtained  viilh  Phenol  and  itt  Uamologutt. 

For  thi?  csteriljcation  of  tbcsc  substances  with  antimony  trioxide, 

two  method    were  used,    namely,   heating    the    mixture   of   phenol 

and   antimony   trioxide  in  a  llask   to  which  a  Soxhlet  apparatna 
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s  copper  I 


KintKining  anhydrt 

ixturc    oi    phenol    and 

nine's  ID  a   <laak     under  a   . 

I   wero  obtained   with   pho 


ilphate  was  attached.  And  heabiii^ 
dDtiinony  trjoxide  with  caloium 
cflux  condenser.  By  these  meanB 
ol,  II-,    fit-,   and    /j-crusols.     In    the 


al 


of  phctiol  Aud   ni-cresol.  unsuccessful  attetnpts   to  obtain   the 
made   by   heating   these    materials    with    antiraony 
ioxidc  with  a  reflux  condenser  only. 

Phtnyt  iinihnonite.—^One  hundred  and  twenty-five  grams  of 
lenol  and  '25  grams  of  antimony  trio.tide  were  heated  in  a  flask 
with  a  tjoxhlet  apparatus  containing  anhydrous  copper 
ilphalc.  Clouds  of  ateam  began  to  form  at  100°,  indicating  that 
reaction  began  al  that  tcmpeiatuie;  the  thevmonieter  rose  very 
[Uii'lcly  lu  the  buiiiug  point  of  phenol,  and  remained  very  close 
liat  temperature  (varying  from  170°  to  180")  tor  ahiiut  seven 
rs,  when  the  temperature  gradually  rose,  and,  after  tlfteen 
hours'  heating,  reached  a  maximum  of  290°.  This  maximum  is 
the  highest  temperature  to  which  the  eater  can  be  heat«d  without 
decomposition.  The  mixture  of  phenol,  ester,  and  antimony 
trioxide  was  then  shaken  with  water- free  benzene,  causing  the 
precipitation  of  the  antimony  trioxide  dissolved  in  the  ester  and 
in  the  phenol,  and,  after  filtering,  fractionated  under  diminished 
pressure.  The  bcniene  distilled  at  30^,  phenol  at  70°.  and  the 
flpter  at  '2bO°*  The  ester  was  purilied  by  dissolving  in  benzene, 
filtering  from  any  antimony  trioxide,  and  separating  by  passing  a 
current  of  hot,  dry  air  over  the  benzene  solution  placed  in  a 
vacuum  desiccator.  The  crystals  thus  obtained  had  no  very 
definite  melting  point  owing  to  the  presence  of  some  phenol.  To 
remove  the  latter,  the  crystals  were  heated  to  200°  for  twenty 
minutes,  dissolved  in  benzene,  filtered,  and  crystallised  as  before. 
The  crystals  thus  obtained  were  light  brown  in  colour,  and  melted 
at  13°.  At  1S°,  p/i'."!//  uii'tmonite  ba&  a  specific  gravity  of  1*621, 
And  boils  at  250°/ 30  mm.  It  dissolves  readily  in  absolute  alcohol, 
:hloroform,  or  benzeuc.  and  decomposes  on  addition  of  water 
jiinto  phenol  and  antimony  brioxide.  On  analysis,  it  was  found  to 
oorrespond  with  the  formula  (CoHsJ^SbOg  or  {C„HB0)3Sb.  This 
Mter  was  also  prepared  by  heating  a  mixture  of  phenol,  antimony 
trioxide,  and  calcium  turnings  in  a  flask  fitted  with  a  reflux 
condenser.  By  this  method,  a  yield  of  62  per  cent,  was  obtained 
after  two  hours'  heating.  By  the  former  method  the  yield  ii  not 
more  than  40  per  cent,  after  fifteen  hours'  heating, 

D-,  m-,  and  p-Toli/l  Aniinmiiilrs. — One  hundred  and  fifty  grams 
of  each  of  the  crcsola  were  heated  with  about  30  grams  of  antimony 
trioxide,    using    the    methods    described     above.      The     excess     of 
*  £Tfn  it  SSO"  th*  Biter  lultari  t>itti>>l  itacumpiwiUDD. 
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antimony  trioxidc  naa  separated  by  means  of  boniene.  filtered,  tnd 
the  esters  fractionated.  After  purifitatioti  they  were  analysed,  and 
found  to  correspond  with  the  formula  (Cr.B,-CHj)jSbO, 
(C^H,-CHa-0)j9b.  oTolyl  antimoniu  cryatalliaea  in  dark  brown 
masses,  and  melts  at  16°;  its  specilic  gravity  is  I'^SO,  and  it  boils 
at  352".  va-Tolyl  antinionUe  is  a  yellow  liquid,  with  a  Bpecific 
gravity  of  1-475.  and  boils  at  300°/30  mm.  p-Tolj/l  antimonite 
is  a  dark  brown,  cryHtailinc  solid,  melts  at  14°,  has  a  speciGc 
gravity  of  1-495,  and  boils  at  34o°/30  ram. 

Whilst  in  the  case  nf  the  aliphatic  alcohols  a  drying  agent  i 
the  Soshlct  apparatus   was  essential   to  absorb   the  water  formed 
and   allow  the  alcohols   only  to   drop   back  into   the   uiixturo, 
drying   agent   was  necessary    with  the   phenols,  as    practically    : 
phenol  or  ester  ever  found  its  way  further  than  the  side-tube  of  n 
the  Soshlet. 

The  water  formed  remained  in   the  Soxblct,  there  being  never    I 
sufhcient  volume  of  water   produced    to  cause   the  syphon  attach- 
ment to  come  into  play.     The  use  of  metallic  calcium,  it  will  be   | 
noticed,  gave  a  better  yield  of  ester  than  the  Soxhlet  method. 

Method    nf    Analynis    of    Phrjiyl    and    Tolyl    Etifrt.— To    r5960    ' 
grams  of  phenyl  antimonite,  5   c.c,   of  potassium  hydroside  (con- 
taining 7  grama  per  10  e,c.)  were  added,  and   then  an  excess  of 
tartaric    acid.     The    c.vcess    of    tartaric   acid    was    neutralised    by 
sodium  carbonate,  and  25  c.c.  of  sodium  hydrogen  carbonate  added. 
The  whole   was   diluted   to  500  c.c.  and   two  samples   of   20   c.c, 
each   were  taken   for   analysis.     To  each,  20  c.c,    standard    iodine 
was  added  in  excess  (shown  by  the  formation  of  a  precipitate  of 
tri-iodophenol  and  the  appearance  of  a  clear  yellow  solution),  the 
temperature   being   kept   at   65°.     The   mixture  was    then    cooled, 
acidiHed   with    dilute   sulphuric  acid,   and    diluted    with    wat«r   to   i 
500  c.c.     The    tri-iodophenol   was    filtered  oft,    and    the    escess    of 
iodine   in   100   c.c.    of    the    filtrate   was   titrated    against   standard 
thiosulphate,    using    starch    as    indicator.     The  quantity    of    thlo- 
sulphat©  necessary,  multiplied  by  five,  represents  the  quantity  of  I 
iodine   that   was   in    excess.     This    quantity,    subtracted  from    the  I 
original  amount  of  the  iodine  added,  gave  the  amount  necessary  | 
to  change   both   the   phenol   to   tri-iodophenol    and    the   antimony  I 
trioxide  to  antimony  pentoxide. 

Owing  to  the  presence  of  tartaric  arid  in  the  above,  it  was  1 
impossible  to  estimate  at  all  accurately  the  antimony  trioxide  by  1 
means  of  dichromatc.  The  method  previously  described  under  I 
tfoamyl  antimonite,  namely,  weighing  the  antimony  as  antimony  j 
tetroxide,  was  used.  The  percentage  of  antimony,  aa  determined  f 
in  this  way,  was  found  to  be  3010.     The  strength  of  the  iodine  I 
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being  known,  the  number  of  c.c.  of  iodine  equivalent  to  3010  per 
cent,  of  .intimoiiy  waa  subtracted  from  the  iodine  obUined  in  tlio 
previous  det«rinination,  tbe  difference  being  the  amount  combined 
with   phenol. 

To  test  the  accuracy  of  this  method,  estimations  were  made 
with  weighed  quantities  of  (a)  phenol,  (&)  antimony  trioxide,  (e) 
Fa  mixture  of  these. 

(a)  To  0'6836  gram  of  phenol,  5  c.c.  of  a  solution  of  potassium 
lydroxide  (T  grams  per  10  c.c.)  were  added,  and  the  whole  diluted 

1th  water  to  250  c.c.       ...  (1) 

10  c.c.  of  this  solution  were  equivalent  to  2890  c.c.  of  iodine. 

(t)  To  05000  gram  of  antimony  trioxide  were  added  25  c.c,  of 
't  saturated  solution  of  tartaric  acid ;  sufficient  sodium  carbonate 
to  neutralise  the  excess  of  the  tartaric  acid  and  50  c.c.  of  sodium 
hydrogen  carbonate  were  then  added,  and  the  whole  diluted  with 

wat«r  to  500   c.c (2) 

if  this  solution  were  equal  to  1370  c.c.  of  iodine. 

(c)  To  10  c.c.  of  (1)  were  added  100  c.c.  of  (2),  and  together 

[uired  42'45  c.c.  of  iodine. 

Thus  100  c.c,  of  (2)  required  1370  c.c.  of  iodine,  and  100  c.c. 
of  (I)  required  2890  c.c,  of  iodine;  in  all,  42G0  c.c,  as  compared 
with  42'45  c.c.  when  mixed,  a  difference  of  leu  than  one  third  of 
1  per  cent.,  which  is  well  within  the  limits  of  esperimenta!  error. 

Propertiei  of  the  Bttert  of  Phenol  and  Um  Homologuet. 

Phenyl,          o-Tolyl.  ni-Tolyl.         p-ToljI. 

PtTcentige  yield  40-0                4S'2  48-3                iO'B 

ftp./80mBi 2E0'               asr  300"                S*5* 

So.  p.   re-Jl               1-480  ]-47fi              1«B 

M.  p. 18*  ir  -  14' 

The  preparation  of  other  esters  from  lihe  oxides  of  arsenic  and 
sntimony  and  conipoUTids  containing  alcoholic  hydroxyl  is  being 
procBpdod  witJi  in  this  laboratory.  Al.l#mpUi  are  also  being  made 
to  overcome  the  diificulties  experienced  in  obtaining  the  esters  of 
sulphoarwnious  acid  in  sufficient  qniinl.ities  to  allow  of  their  com- 
DflitioDS  being  determined, 

I    wish    to    express   my    thanks  t«    Profe.saor   W.    R.    I.ang    tor 
Iggestjng  this  research,  and  for  the  inf^reat  be  has  t.ikcu  in  the 
n-k. 
CHKNinAi.  LAnnitATonr, 
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■lies  in  Phtfsical  Chemistry  carried  out  i 
Toronto' during  the  past  year. 


the  Vniversity  of 


Communicated  by  Pbofersou  W.  Lash  Milleh. 


<il 


i   Mny    : 


,  inos.) 


.  O.  Cooke -.—Tht  condentafiun  of  oi'alic  and  arelic  «rjrr*  bv  lodiiim 
etkytate.  The  stadj  or  the  effeeU  of  condiliona  on  tbp  red  colouration 
given  by  Urvic  chloride  will)  the  coDdensation  product  has  beeo  con- 
tinued, nud  a  nuiiiber  □(  meaiiureucntB  of  the  rate  of  coadeasatioa 
have  beeo  made. 

.   DustiMAS  ;— rfte  behaniouT  of  copper  oj  anode  in  tolutiom  of  chloridet 
(rend   before   the   American   ElectrochemlcBl    Society).        The   eiperi- 
tncntH  nre  in  qnantil^itive  HcrorV  with  the  hjpotheain  Iliat  at  the  anode    < 
tbeie  is  ehemicai  equilibrium  between  metallfc  copper  and  the  cuprous 
and  capric  an  Its  in  solulioii, 

;.  A.  fiOBTNEB ;— Tfcn  kiartun  oj  <hf  rracUon  bitircfn  i-hromic  and  kvdriodio 
ucid$  and  frrraua  lalU.  MU«  Bensan'a  experiroenis  at  high  temper- 
atures were  eslended;  while  increase  of  lempe-ralure  relarda  (he  liber- 
etJOD  of  iodine,  it  accelerates  the  oxidation  of  the  ferrous  sdlL 
FliiorideB,  Lromidee  and  diltirides  retard  the  rate  of  liberation  of 
iodine  iu  the  order  named,  they  B<veIerB.tc  the  oiidation  ol  the  ferrouB 
Malt.  Tile  elFect  of  '  sjEelne  '  on  the  ferric  salt  is  altogether  aue  to 
fardrolyeis.  In  EOiiit<  of  the  experiment*  hydrochloric  acid  woe 
Bubslltuted  for  xiiliiliiiric.  ( ['iibtlithed  In  The  JoumaJ  □(  RiTslcal 
Chemistry  I . 

I.  C.  Gbaiiam  :— DirMt  drtmiiinalion  ol  the  transport  number  of  aeetUi 
acid.  Mr.  UHwuon's  experiments  were  continued:  an  attempt  wa« 
made  to  eliminate  the  effect  of  dlfFuition  by  choosing  the  concentration* 
of  chromic  acid  and  copper  acetate,  so  thnit  the  acetic  add  generated 
St  tile  two  boundaries  mii;ht  have  the  mme  concent roJ ion, 

t.  .1.  itMsmita-.^l'hynca-ehemii'itl  itudu  of  Tannin.  The  salulione  la 
wnter  Khow  a  well  marked  rise  in  boiling  point  ovec-thBl  <rf  putv  water 
even  before  hydrolysis  Intf'  ■'"■  .    *  gal  He  add  takm  place.      The/ 

show  no  Tjndnll  elTect.  and  give  measurable  osmotic  pressures  with 
gelntJne  membrnnes.  The  distribution  of  tannin  between  water  and 
ether,  water  and  ethylnretate.  and  water  and  amylnlrohol  was  de- 
termined; in  the  case  of  cliier  tlie  ratio  Is  independent  of  the  ooncen- 


triilions.       A»  a  result  of  thcuc 
be  considered  to  be  a  colloid. 

The  marked  effect  of  triiecs  of  wi 
and  of  olher  glucMidca  in  orgnniu  solv 
liABTi  M IIXKB :— /nrfirecf  analf/iU  by  i 
method  of  determining  the  romposltic 
Iruiiulion  ihjIih,  without  lsi>lnling  or 
The  Joiininl  of  I'hyaienI  Chetnistry.t 

Srr.  ill..  laoH.    in. 


tonolo  can  hardly  longer 
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7.  H.  P.  Mills:— Tfce  chromic  acid  electrode.  The  B.  M.  F.  of  the  hydrogen 
electrode  in  chromic  acid  is  found  to  be  dependent  on  the  rate  of 
diffusion  of  hydrogen  to  the  platinum  and  on  the  (much  quicker) 
rate  of  reduction  of  the  chromic  acid  by  the  hydrogen  at  the  platinum 
surface. 

In  this  connection  the  rate  of  reduction  of  chromic  acid  by  hy- 
drogen in  presence  of  colloidal  platinum  has  been  measured;  it  seems 
to  depend  only  on  the  rate  of  diffusion  of  the  dissolved  hydrog^i  to 
the  particles  of  platinum  in  the  suspension. 

8.  A.  F.  Odell: — The  oondenaation  of  owalio  ester  toith  iteetophenone.  By 
means  of  special  apparatus  the  yield  of  the  oondefnsation  product  was 
determined,  to  test  Claisen's  hypothesis  of  equilibriunu  The  experi- 
ments are  not  yet  finished. 

B.  L.  V.  Redman: — The  iieotrolyeie  of  copper  eulphate  in  sulphuric  acid 
solutions  toith  interrupted  and  dlt^emating  currents.       The  results  of 

the   experiments    with    interrupted    currents   show    that    the    relatiye 

amounts  of  hydrogen  and  copper  liberated  at  the  cathode  depend  on 

diffusion,    and  cannot  be   accounted   for   by    Siegrist's   hypothesis   of 

reaction  yelocities. 

10.  R  B.  Stkwabt: — The  Hydrogen  electrode  in  acetic  acid.  The  experiments 
shew  that  the  electrode  is  reversible ;  and  a  special  apparatus  has  been 
eoDStructed  to  determine  the  transport  number  of  acetic  acid  by 
measuring  the  B.  M.  F.  of  concentration  cells. 


Sbction  hi.,   l!KJ8. 


IRINH.     R.    S.    C. 


XXII. — Harcourt  and  Esson's  Idea  in  Chemical  Mechanics. 
By  W.  Labh  Un.t£R. 

(Read   May   27.   1008.) 

I  think  that  I  will  make  tht;  best  of  the  limited  time  ij.t  ray  disposal 
by  defining  at  once  the  fundamental  problem  of  chemical  kinetics,  for  it 
ih  with  the  rates  of  chemical  change  that  I  propose  to  deal.  This  pn»- 
blcm  is,  then,  to  find  how  the  rate  of  a  chemical  reaction  depends  on  the 
circumstances  under  which  that  reaction  takes  place;  and  in  the  simple 
ease  with  which  alone  we  shall  be  concerned,  the  simple  case  that  the  re- 
action takes  place  in  a  homogeneous  solution,  the  only  circumstances  that 
affect  the  rate  are: — tlie  temperature,  and  the  concentrations  of  the 
chemicals  in  the  solution. 

The  kindness  of  those  in  charge  of  this  Laboratory  pute  me  in  the 
poaition  to  illustrate  wliat  T  say  by  a  concrete  case.  Hero  are  samples 
of  the  very  chemicals  used  by  Harcourt  and  Ebbod  in  their  experiments 
forty  years  ago:'  a  solution  of  oxalic  acid,  water,  sulphuric  acid,  and  a 
solution  of  potassium  permanganate.  When  these  are  itiixcd  together, 
the  whoJe  solution  looks  pink  from  the  presence  of  the  permanganate; 
on  standing  awhile,  however,  the  colour  will  gradually  fade,  owing  to 
the  reduction,  or  deetruction,  of  the  red  permanganate;  and  what  is 
meant  by  the  "  rate"  of  the  reaction  n  the  number  of  grammes  of  per- 
manganate that  are  reduced,  or  destroyed,  or  fade  per  second. 

That  this  rate  depends  on  the  temperature,  may  easily  be  seen  if  I 
pour  a  little  of  the  mixture  into  a  test-tube  and  heat  it  over  the  flame. 
Aa  the  solution  gets  warmer,  the  colour  fades  more  rapidly,  unbl  "Ob  it 
is  all  gone,  while  the  part  left  at  the  temperature  of  ^^2  room  ia  still 
deep  red. 

The  rate  depends  also  on  the  concentrations  of  the  chemicals  dia- 
flolved  in  the  solution ;  bo  that 

Rate  depends  on  a,  b,  c,  d, t 

and  the  fundamental  .problem  of  chemical  kinetics  is  to  determine  quanti- 
tatively the  relation  between  the  rate,  the  concentrations  and  the  tem- 
perature. 

Mow  for  the  fundamental  difficulty.  This  lies  in  the  fact  that  as 
the  reaction  proceeds,  the  temperature  changes,  owing  to  the  liberation  - 
or  absorption  of  heat  by  the  reaotion ;  and  the  vanous  OMicentratd^Hu  on 


'Jour,  Chem.  80c..  SO  4iW  (15188). 
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which,  also  the  rate  depends^  also  change^  those  of  the  reacting  substanoea 
growing  smallei',  and  those  of  the  products  of  the  reaction  growing 
greater. 

Thus,  as  all  these  circumstances,  on  which  the  rate  depends,  keep 
changing  during  the  reaction,  the  rate  itself  must  keep  changing 
throughout  the  very  experiment  we  are  making  to  study  it  This  is  the 
fundamental  difficulty  of  experiments  in  chemical  kinetics. 

Now  as  to  the  way  in  which  this  difficulty  is  overccMoae;  and  firet  as 
to  the  temperature.  That  is  kept  constant  during  the  experiment  very 
simply  by  placing  the  beaker  in  a  large  tub  of  water  kept  at  constant 
temperature!, — a  thermostat,  as  it  is  called.  After  determining  the  raite 
at  one  temperature,  the  solutions  and  the  thermostat  are  warmed  up  to 
some  other  temperature,  and  the  experiment  is  repeated,  all  the  concen- 
trations and  everything  but  the  temperature  being  the  same,  thus  the 
influence  of  the  temperature  is  ascertained.  In  cases  where  it  is  not 
possible  to  hold  the  temperature  constant  during  an  experiment — as  in 
the  study  of  explosions,  for  instance — ^it  is  much  more  difficult  to  inter- 
piet  the  results  of  the  experiments,  and  the  study  of  those  reactions  is 
much  less  advanced  than  that  of  those  where  a  thermostat  can  be  em- 
ployed. 

So  much  for  the  temperature;  it  is  kept  oonstjant  during  the  experi- 
ment, and  the  rates  in  experiments  at  different  temperatures  are  com- 
pared. Now  for  the  concentrations.  Can  they  too  be  kept  constant  dur- 
ing the  reaction?  No  one  has  yet  invented  a  concentrationstat,  so  far 
as  I  am  aware;  but  as  Harcourt  and  Esson  pointed  out,  the  concentra- 
tions will  not  change  much  during  the  experiment,  if  the  quantities  of 
chemicals  put  into  the  beaker  are  lai^e  compared  to  the  quantities  of  tJie 
same  chemicals  formed  or  destroyed  during  the  reaction.  Now,  that  is 
wiwitj^  did  in  this  beaker;  there  is  very  nearly  as  much  oxalic  acid  and 
sulphuric  ac?dj)gre  yet  as  there  was  before  the  permanganate  was  added, 
beoause  the  amounts  :f  those  two  substances  puit  in  in  the  first  place 
were  much  greater  than  would  react  witli  the  permanganate  used.  The 
concentrations  of  oxalic  acid,  and  sulphuric  acid,  therefore  have  re- 
mained pmctically  constant  during  the  experiment,  and  the  temperature 
would  have,  if  the  taeaker  had  been  stood  in  a  tub. 

This  is  the  way  Harcourt  and  Esson  worked,  and  I  may  express  these 
conditions  on  the  board  ^  by  writing  large  letters  for  B,  C,  etc.,  the  con- 
centrations of  the  reagents  of  which  relatively  large  quantities  were  used, 
and  a  little  "a"  for  the  permanganate.  B,  C,  etc.,  stay  constant,  because 
they  are  large,  and  perhaps  it  will  not  confuse  if  I  write  a  large  T 


1  See  table,  p.  248. 
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for  the  temperature,  to  indieaie,  not  that  it  was  very  hot,  but  that  that 
factor  too  was  kept  conatant  (by  the  use  of  a  thermostat). 

The  ooncewt ration  of  the  pormanganate,  of  course,  changed  during 
the  experiment,  we  saw  it  fade  away  ;  the  ra.te  too  changed ;  but  aa  the 
change  in  the  rate  was  caused  only  by  change  in  tlie  concentration  of 
one  of  the  reagenta,  it  was  a  relatively  fosy  matter  for  HarcQurt  and 
Dsson  to  discover  the  relation  between  the  mte  and  the  cimcentration  of 
that  one  substance;  the  effect  of  the  concentrations  of  the  others  was 
determined  like  that  of  the  toniperature,  by  comparing  ditTerent  espcri- 
ments  in  which  these  concentrations  were  different,  while  remaining 
constant  throughout  each. 

This  method  of  working  is  the  "  idea  "  of  which  I  spoke.  It  m^, 
perhaps,  seem  a  very  obvious  idea,  and  hardly  worth  while  making  a  fuss 
about;  and,  indeed,  Haroourt  and  Esson  seem  to  have  considered  it  so. 
But  it  IP  tnie.  although  to  those  who  arc  not  familiar  with  tiiiii  branch, 
it  may  seem  difficult  to  believe,  that  even  now— forty  years  after  the 
publication  of  Ilarcourfs  e.xperiments — this  method  is  not  in  general 
cee,  and  that  for  thirty-sis  yeare  it  was  never  used  at  all  and  practically 
all  e.tperiments  on  the  rates  of  ch/imioal  reactions  were  carried  oat  in 
solutions  in  which  the  concentrations  of  all  the  chemicals  varied  greatly 
during  the  experiments. 

In  reply  to  the  question  "  How  is  it  possible  to  find  the  connection 
between  rate  and  concentrations  from  experiments  so  badly  planned  as 
these,"  the  answer  is  "  By  the  method  of  gueBs  and  try."  Make  some 
plaufiihle  aseumption,  ejtprcss  it  ma.lhejnat!cally,  and  compare  the  ex- 
periments with  the  methematical  deductions  from  the  assumption,  or 
gueee.  If  they  agree,  well  and  good.  If  they  don't,  guees  again.  The 
trouble  ie,  that  in  case  of  a  bad  guess  the  experiment*  themselves  dont 
give  much  help  in  malriog  a  b^tber. 

This  method,  then,  I  shall  call  "the  Method  of  G'-.oe  and  Try," 
in  oonlradistinotion  to  Harconrt  and  Esaoo's  muiuod  of  "  Systematic 
Exploration," 

Of  course,  there  are  connecting  linke.  Two  of  the  ooncentratioDs, 
for  instance,  may  be  small,  and  the  others  large;  the  effect,  of  the  former 
being  arrived  at  by  guees  and  try,  and  tliat  of  the  latter  by  sysbematic 
exploration.    Hood  '  used  such  a  half-and-half  method  in  1878. 

WiUi  regard  to  the  metiiod  of  guess  and  try ;  it  is  hard  to  teach 
people  how  to  guess,— that  is  '■'  chemical  instinct ;"  but  van't  Hoff, 
in  his  celebrated     "  Studes '"    or    "  Studies  on  Chemical  DjmamicB," 
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^^H              distinguished     two    ways    of    trying,     or     l.eabirig    the    afisiunptioiu 
^^H              by  experiment.    I  Rhall  not  enlHrge  on  tlieae  further  than  to  say  that  the 
^^H              better  way,  the  sharper  test,  involved  comparing  experiments   in  which 
^^H              the  initial  concentrations  of  the  chemicals  were  varied,  while  the  other 
^^M              relied  altogether  on  the  reeults  of  a  eeriee  of  analyses  of  the  same  solu- 
^^M              tion  at  different  intervals  of  time.     The  first  of  theee  methodB  was  used 
^^1              by  van't  Hoff  in  his  book,  the  other,  exclnairely,  by  hie  aucoessors,  for 
^^H              twelve  years. 

^^M                     To  resume,  then,  there  are  shown  in  this  table   four  vrays  of  deber- 
^H               mining  the  relation  between  the  rate  of  a  chemical  reaction  and  the  con- 
^H               centrations.     Systematic   exploration,   Harcourt  and   Esson,   1866;    a 
^^1               hybrid  method,  1878 ;   and  iihe  method  of  gueae  and  try,  with  two  ways 
^^K              of  trying,  of  which  the  bett«  was  used  by  van't  Hoff  in  1884,  and  flie 
^H             other  was  in  general  use  between  1884  and  1895. 

^H 

U«ed  by                  ^^^ 

^^P                 1.     Sjmtematio      Exploration— 

^^"                            Harcourt  &  Bison's 

2.     Hybrid 

Gueesaud  Try 

a,  B.  C.  D.  ...T 

a.  b.  C.  D.    ,.T 
a.  b,  c,  d,       .T 

H  and  E,  1866                ^^^^B 
Hood,  1878                                 ^M 

van't  Hoff,  1884                             ^M 
General.  1885-1895           ^^^H 

5.     The  logical  extreme     

a.  b.  c  d,  .    .t 

I  should  like  to  put  all  this  in  a  diagnun ;   that  will  make  it  look    ^^^^H 

more  like  physical  chenmtry.    The  only  trouble  ie  what  co-ordinates  to    ^^^^^H 

use.    Tiic  dates  will  do  for  the  abeoiss^,  that's  obvious,  and  I  will  put    ^^^H 

^^^               Harcourt  and  Esson  high  up,  iMcause  the  method  they  employed  was  the   ^^^^^^| 

^^1              one  best  adapted  for  the  purposes  of  dipcovery,  and  Hood  a  little  further    ^^^^^H 

^^f               down,  and  then  van't  Hoff,  with  the  method  of  varied  initial  concentra-   ^^^^^H 

tions,  and  then  all  the  chentist^  from  188.5  to  1895.    So  that-  the  abscisan   ^^^^H 

are  chronological,  and  thei  ordinatea  psychological.                                       ^^^^H 

'                               1  would  not  like  to  give  the  impression  that  van't  Hoff,  for  instance,  ^^^^H 

^^L               used  a  method  that  was  unsuitable  for  the  purpose  he  had  in  hand.    He  ^^^^H 

^^H               had  a  definite  object,  and  his  method  enabled  him  to  attain  it.    In  Hood'g    ^^^^^H 

^^r               case,  too,  there  was  a  special  reason — not  a  very  good  one,  perhaps — >  ^^^^^^| 

that  kept  him  from  using  method  number  one;   and  he  too   got  all  ha  ^^^^H 

wanted  with  number  two.    But  the  fact  is  plain,  that  as  time  went  oo,  ^^^^^M 
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weaker  and  weaker  tools  were  coming  into  use,  until  the  very  recollection 
of  the  method  of  Earcouit  seems  to  have  died  out. 

If  tliere  were  time,  I  aliould  like  io  go  into  tiie  reasons  for  this 
gradual  adoption  of  the  methods  of  guess  and  try,  but  there  isn't  It  ie 
connecited,  however,  with  Guldberg  and  Waage's  application  of  the  kineiac 
theory  to  this  aubject,  which  made  men  feel  thai  they  were  likely  to  be 
good  gueesers.    They  thought  they  had  a  sure  tip. 

This  short  hue  oo  the  Ijoard*  represrnts  teu  years  of  active  work,  the 
Zeitschrifl  fur  physikaliscke  Chemie  was  founded  here,  and  Arrheaius' 
theory  of  electrolytic  dissociation  was  flist  applied  to  a  kinetic  problem 
here.    Dozens  of  reactions  were  studied  from  t!ie  kinelic  point  of  view. 
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all  by  method  number  four;  and  with  the  reeidt  that  might  be  predicted. 
II  the  cane  experimented  with  happened  to  be  a  simple  one,  the  law  was 
guessed :  if  not,  it  wasn't.  And  so,  in  addition  to  the  reactions  for  which 
the  relations  between  rate  and  concentrations  were  ascertained,  there 
were  gradually  being  discovered  a  number  of  reactions  for  which  theee 
lelations  could  not  be  fnrmulaled. 

The  first  step  upward  wai?  taken  in  1895,  by  Dr.  now  Professor  A. 
A.  Noyes.*  He  reintroduced  van't  HoFf  method,  method  three;  quoted 
van't  HolFs  ai^nments  to  show  that  if  is  superior  to  number  four;  and 
proived  its  superiority  by  recalculating  Magnajtini's  measurements  (Mag- 
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muliini's  work  comee  here,  1891),  and  finding  quftntitative  rda.tionfl 
wliere  the  latter  had  seen  none.  Noyes  used  this  method  number  three 
in  hie  own  work,  and  discoTered  the  first  reaclions  of  the  third  order 
Etudied  since  the  time  of  Ho<m1. 

The  next  incident  is  the  appearance  of  the  second  uditdon  of  Oetwald's 
I^hrbueh,  or  rather  of  the  second  exUtion  of  vol.  2,  part  3,  Heft  2,  with 
(he  chapter  on  kinetics.  In  this,  after  icviewing  the  methods  of  working 
in  common  use,  viz.:  methods  three  and  four  of  our  classification, 
Ostwald  suggeefB  working  with  all  ihe  cliemicals  but  one  in  excess,  and 
determining  the  eiTect  of  tliat  one  on  tlie  rate — Harcourt's  method,  »o 
far,  Ilarcoiirt's  name  is  nob  mentioned  at  all  in  tliis  connection,  how- 
ever, and  reading  a  little  further  shows  that  it  is  net  Harcourfs  method 
after  all ;  because  when  it  comes  to  determining  the  effoct  of  the  con- 
centration of  B  on  the  rate,  instead  of  preparing  the  experiments  with  a 
different  exores  of  B,  it  is  proposed  to  make  b  small  in  turn,  and  so  with 
all,  one  after  the  other.  The  method  used  in  Harcourfs  paper  aeem&  b> 
have  been  quite  forgotten. 

When  planning  work  for  the  laboratory  for  the  winter  of  1903,  I 
read  this  new  method  of  Ostwi^d's  with  the  greatest  interest,  and  folly 
apprecjartcd  the  advantages  set  out  so  clearly  by  tlie  author. 

On  thinking  over  the  ca«e  in  which  T  was  specially  interested,  how- 
ever (the  reaction  between  chloric  and  hydriodic  acids  in  presence  of  free 
iodine)  I  found  that  the  effect  of  the  iodine  concentration  could  not  be 
ascertained  by  tiiis  new  method ;  to  ascertain  it,  it  would  be  necessary  to 
maJte  up  a  solution,  in  which  the  concentration  of  the  iodide  was  much 
lower  than  that  of  the  othere,  including  that  of  the  iodine.  Now,  it  is 
impossible  to  prepare  a  solution  containing  much  iodine  and  little  iodide, 
the  iodine  won't  dissolve.  And  on  further  thought,  I  saw  that  ray  object 
eould  be  attained  by  comparing  the  rates  in  two  solutions,  in  both  of 
wliich  the  iodide  was  in  excess,  but  dillerent  excesses.  The  method  of 
Harcourt  again,  at  last. 

I  didn't  know  it  was  Harcourfs  ait  first;  in  fact,  it  was  only  in  Hit 
winter,  when  the  work  waa  well  advanced,  that  in  connection  with  some 
work  that  Mr.  Bel! '  was  doing,  1  had  occasion  to  read  llaitourt's  paper, 
and  found  what  I  had  begun  to  regard  as  mj  method  clearly  described. 

This  tool  once  in  our  hands,  it  is  not  surprising  tliat  we  should  be 
able  to  solve  problems  that  had  proved  too  much  for  some  of  Uia  best 
known  chemists  working  under  less  favourable  circumstances. 

The  rates  of  oxidation  of  hydriodic  acid,  for  instance,  by  the  oxy-   . 


'Jour.  Phys,  Chem.,  7,  61   (1003J. 


1«1 


IDEA  IN  CHEMICAL  MECHANICS 


8B1 


acidf  of  the  halogens,  had  been  studied  by  Burchard  ■  in  the  laboratory 
of  Lothar  Meyer,  by  Oetwald,'  by  Meyerhoffer,*  by  Dr.  Schlimdt'  in 
WiBconsin,  by  Warder,*  of  Washington,  by  Magnanini '  in  Italy,  and  by 
T^endlebury  and  Seward,'  and  Judson  and  Walker"  in  England.  Most 
light  bad  been  thrown  on  the  reaction  by  Prof.  Noyee;'"  but  in  the 
cpinion  of  the  last  chemists  to  work  on  this  subject,  Messrs.  .Tndson  and 
Walker,  expressed  in  1898  after  a  review  of  the  earlier  papers:  "The 
action  of  hydriodic  acid  on  the  oxyacids  of  the  halogens  is  of  too  intri- 
cate a  nature  to  give  any  satisfactory  numerical  reeuStH." 

Attacked  by  the  method  of  s^tematic  exploration,  however,  this 
problem  proved  easy  of  solution ;  Messrs,  Bray,"  Dushman  "  and  Clark'* 
expressed  the  relations  between  concentrations  and  rate  in  mathematical 
form,  traced  out  the  influemoe  of  tlia  iodine  liberated  during  the  reaction, 
and  rectlculated  most  of  the  experimental  work  of  their  predeccesore. 
The  remarkable  catalytic  action  ot  chroiiiin  acid  on  one  of  these  reactions, 
discovered  by  Ostwatd,  has  al^o  been  studied  in  detail.'* 

In  tins  connection,  it  became  apparpnt  that  reactions  of  the  fourth 
order  are  plentiful  as  blackberriis  in  j\uguat;  and  in  the  oxidation  of 
ferrous  sails  by  chromic  acid,  Miss  Benson'"  found  one  of  the  fifth.  The 
opinion  held  between  1884  and  1895,  that  reactions  of  a  higher  order 
than  tlie  second  are  curios,  mnat,  Uierefore,  be  given  up.  It  probably 
arose  from  the  ?ircumstance  tliat  the  nietliod  of  investigation  employed 
wa«  unable  to  cope  with  the  oomplicated  cases. 

Some  of  these  results  miglit  conceivably  have  been  attained  by  a 
judicious  use  of  method  number  three.  It  ia  otherwise  with  the  reaotiona 
to  which  I  will  now  refer. 

Schwickei,"  who  studied  the  formation  of  iodate  by  the  action  of 
iodine  on  caustic  potaah  in  1805,  thought  tlut  he  had  discovered  a  re- 
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action  of  the  third  order;  Noyes^'  showed  by  a  recalculation  based  on 
meithod  three;,  that  under  some  circumstances,  at  leasts  it  is  of  the  first 
Mr.  Porster/*  who  subjected  the  reaction  to  a  "systematic  exploration/' 
showed  it  had  no  "order''  at  all;  that  ihe  effect  of  increasing  |t!he 
concentration  of  the  potash  was  first  to  increase  and  then  to  decrease  the 
rate.  The  relations  found  by  Forster  had  not  been  guessed  by  his  pre- 
decessors^ and^  consequently,  were  not  revealed  by  their  method  of 
working. 

The  last  reaotions  of  which  I  shall  speak,  are  the  reactions  gnouped 
under  the  common,  name  "  induction."  Here,  two  reactions  take  place 
in  the  solution  at  once,  and  the  rates  of  each  are  affected  by  the  concen- 
trations of  four  or  more  chemicals.^*  The  experimental  study  of  compli- 
cated cases  like  these  is,  to  put  it  shortly,  absolutely  impossibla  by  any 
method  other  than  that  which  I  have  called  "  systematic  exploration." 
Guess  and  Try  is  no  good ;  not  that  one  can't  guess — some  people,  I  don't 
know  whether  any  chemists  among  them,  are  able  to  guess  the  result  of 
a  hoipe  race,  or  of  a  flurry  in  stocks — ^b|ut  the  "  trying  "  needs  the 
systematic  pn)cedure. 

Manchot,*®  Schilow,  and  Luther  **  guessed  at  the  mechanism  of  the 
induction  by  iron  of  the  reaction  between  chromic  acid  and  hydrogen 
iodide.  Miss  Benson's  experiments**  showed  that  they  guessed  wrong; 
and  a  long  series  of  experiments  by  Mr.  DeLury**  on  the  induction  of  the 
same  react]ion«  by  arsenious  acid,  furnish  the  first  proren  case  of  induc- 
tion according  to  the  peroxide  formula.  No  o(ther  cases  of  induction  have 
been  studied  from  this  point  of  view;  and  no  others  can  be,  except  by 
this  method. 

Working  with  this  tool  of  Harcourf  s,  we  hare  been  able  to  sharpen 
it  a  little,  and  extend  its  usefulness.  Without  going  into  details,  it  was 
obviously  only  a  short  step  to  pass  to  the  "  method  of  constant  rates,"** 
in  which  all  the  concentrations,  and  rates  as  well,  are  kopt  constant  dur- 
ing the  experiments. 
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Syatamfttio  ExfJoration:  — 

Method  of  Constant  Rates. .  . 

A,  B,  C.  D, 

..T 

Brny  1902 

Hwoourt  4  EBBon'a 

a.  B.  C.  D, 

..T 

H  and  E.   ISl><j 

This  method  has  proved  serviceable  in  eome  of  the  more  complicated 
caeee,  where  even  Harcourf  s  method  wae  none  too  good. 

Then,  in  some  special  cases,  a  way  haa  been  found  of  keeping  a  con- 
(-■entration  constant  without  using  exceas  of  the  constituent;"  and  moat 
valuable  of  all,  perhaps,  it  has  been  found  possible  to  apply  Harcourfs 
principles  to  the  study  of  cheniical  equilibrium.  The  equilibrium,  in 
solutions  containing  iodine,  iodide,  acid,  arsenibe,  and  areenate,  is  (so 
far  as  I  know)  tlie  moat  complicated  yet  studied ;  Mr.  Roebuck  "  cleared 
the  whole  matter  up  in  a  few  weeks  by  Qie  application  of  a  method  analog- 
ons  to  No.  1  of  our  table. 

I  am  very  glad  to  have  been  afforded  this  opportunity,  more  than 
forty  yeais  after  Harcourt  and  Esson's  first  publication,  to  offer 
this  testimony  to  the  value  of  the  indispensable  "  idea  "  with  which  they 
have  endowed  the  study  of  chemical  mechanics.  No  stronger  testimony 
could  be  offered  of  the  power  of  tiie  tool  which  they  have  placed  in  our 
handa,  than  the  fact  that  young  chemists,  most  of  them  just  completing 
their  college  course,  have  attacked  and  solved  problems  which  had  been 
left  unsolved  by  some  of  the  most  able  workers  of  ttie  present  day. 

And  when  I  think  of  a  review  "  of  Harcourt  and  Esson's  paper  pub- 
lished in  1805,  in  which — afttr  expressing  pteaaure  that  these  pioneeiB 
had  again  returned  to  work  in  the  old  fields — the  reviewer  r^retted  that 
Hiey  had  taken  so  little  notice  of  the  progress  made  since  their  last  viadt, 
I  feel  that  these  fathers  of  the  science  wouid  have  been  justified  in  re- 
laying, if  they  had  had  an  opportunity  of  replying — ^you  can't  reply  to  a 
reviewer — that  bo  far  as  the  method  of  working  went,  a  great  deal  of  the 
progress  since  1866  had  been  made  down  hill. 
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XXIU. — \An  Outline  of  Analytical  Spherical  Oeometry, 

By  S.  Bbatty,  B.A., 
Fellow  in  Mathematics,  Ilniversity  of  Toronto. 


\^ 


(Presented   by   Professor  Alfred  Baker»   and  read   May  26tli,   1908.) 

I.  In  analytical  spherical  geometry  several  systems  of  axes 
present  themselves.  The  first  to  be  considered  is  that  analogous  to 
the  Cartesian  in   plane  geometry.      It  will  be  subsequently  noted 

that  the  great  circle  plays  the  same 
role  in  spherical  geometry  as  the 
straight  line  in  analytical  plane  geo- 
metry. Consequently,  we  choose  as 
axes  any  two  great  circles  passing 
through  a  fixed  point  0 "  called  the 
origin;  much  labour  will  be  avoided  if 
the  axes  are  taken  as  making  an  angle 
S        \    "^**>v^^^  of  90°  at  the  origin.     Furthermore,  the 

^  ^^*^  lines   OX  and    OY  are   each   taken    a 

X  quadrant  in  angular  distance.  The 
co-ordinates  0  and  0  of  a  point  P  are 
defined  to  be  the  angular  intercepts  on  OX  and  OY  made  by  the 
great  circles  FP  and  XP  respectively.  The  following  diagram  makes 
clear  the  meaning  intended.  As  in  .^^ 
plane  geometry  the  directions  OK  and 
OY  are  by  convention  positive.  The 
reverse  are  negative. 

II.  As  has  been  intimated,  the 
simplest  curve  on  the  surface  of  the 
sphere  is  the  great  circle.  The  equation  J^ 
in  the  case  where  the  angular  inter- 
cepts are  a  and  ^  is  readily  found.  From 
triangles  NPK  and  NPX  we  have  sin 
(a  —  0)  tan  V  =  tan  PN  =  cos  0  tan  (f>.  r\ 
But  sin  a  tan  V  =  tan  p.  On  eliminat- 
ing Fthe  equation  of  the  great  circle,   : +  . 

tan  a     '     tan  p 

III.  This  may  become  the  equation  of  any  great  circle  on  the 
surface  of  the  sphere  by  giving  to  a  and  fi  particular  values,  as  long 


H 
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aa  0  <  I  a  I  <  jr,  with  a  similar  relation  for  ^.     In  the  particular 
case  where  a  =  /9  =  o  the  equation  is  readily  obtained. 

cos  0  tan  <f>  =  tan  PM  —  sin  6  tan  a  or 
tan  <f>  —  tan  6  tan  d  =^  o.  This  becomes 
tan  <l>  =B  m  tan  fl  where  m  =  tan  a.  This 
has  i|icluded  the  case  where  a  —  j9  —  jr. 
Suppose,  further,  that  a  «  ^  and 
^  <  \  P  \  <i^-  This  is  readily  seen  to 
have  as  equation  tan  0  =  o.     When 

It 


a  db   0^   and   ^ 


2 


the  equation    is 


tan  6  =  e,  which  for  different  values  of 
e  may  become  any  great  circle  passing 
through  the  poles  of  OX.  We  conclude, 
therefore,  that  in  all  cases  the  equation 

ii  tan  fl  +  -fi  tan  ^  4-  C  -  o 

represents  a  great  circle;  furthermore,  all  great  circles  are  represented 
by  this  equation. 

IV.     It  is  interesting  to  note  that  lia^aRfb^pB,  x^dB, 
and  y  "  ft>  R  the  equation 

tan  6    ,    tan  4>        i 


tan  a 


tan  p 


as  R  becomes    infinite,    becomes    the  familiar    equation    in  plane 
geometry, 

-  +f  =1- 

a      '      6 
Similar  remarks  apply  to  the  two  type  forms, 

tan  <f>  '^  m  tan  0  ^  o 
tan  ff  —  c  «  o. 


V.     The   fundamental  equation  of  all   great   circles    could    be 
taken  as 

tan  <j>    tan  0  1 

tan  <t>'  tan  6'  1 

tan  <f/^  tan  0^  1 
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the  circle  being  defined  through  the  property  that  two  points  on  it 
Are  given.  The  following  analytic  method  would  seem  to  give  us  this 
equation,  from  first  principles.  Suppose 
the  equation  of  the  circle  through  the 
points  P'  and  F'  is  required;  let  -^  he  D 
any  point  on  this  circle;  suppose  the 
co-ordinates  of  these  points  are  in  order 
{0'  00,  (^  0"),  and  {d  4>),  C^ 


Then 


sin  P'  P 


sin  AP' 


sin  {0  -  0')    "  sin  LP 
sin  (0^-0)         sin  LP 


sin  P'  P 


sin  AP' 


o 


M  N 


That  is 


sin  P'  P    sin  (^  - 


sin  P'P    sin  (0    - 


0) 
0") 


smAP' 
sin  AP' 


cosP'  M 
cos  P'iV 


So  too 


sin  P'  P    sin  (<!>  -  ^Q         cos  P'  B 
sin  P'  P     sin  (^  -  <^ )    "   cos  P'  S 


Therefore 


sin  (^— fl)  sin  (0  —  00      co»P'McosP'Ii      cos  (f>'  cos  0^   cos  0  cos <t> 
sin  (/?  -  fl')sin(0''-  0)  ""  cos P*  W' cos  P'  *V  ""  cosT7os0* "  cos  /?  cos0 


Therefore 


Or 


(tan  ^  -  tan  g  )    ^    (tan  0^  -  tan  g  ) 
(tan/?    -  tan  »0    "    (tan  0    -  tan^') 


(tap  g   -  tan  0')    ^    (tan  0    -  tan  00 
(tan  g'  -  tan  0^)         (tan  0'  -  tan  0*^) 

VII.  Let  us^now  proceed  to  find  the  angular  distance  between 
any  two  points.  The  simple  case  where  one  of  these  points  is  the 
origin  will  be  first  dealt  with. 


ROYAL  SOCfKTY  OF  CANADA 

I^t  OP  =  d,  Kin  0  tan  A'  =  tan  PM  * 
cos  Q  taa  0.  That  is,  tan  f7  tan  F  - 
^.  But  cos  /'  tan  rf  =  tan  (?. 
elimination  of  F  gives  tan'  d  = 
8  -f-  fan'  0.  an  equation  nf  the  secotu 
degree  in  tan  S  ami  t»n  ift  and  readUS 
seen  from  the  hypothesis  to  be  theft 
tiiin  of  a  small  circle  with  the  origin  I 
centre  ami  angular  radius  of  d.  Mab 
ing  the  suppusition  that  fi  becomes  i 
finite,  we  arrive  at  the  well-known  forinJ 


a:'  4-  y'    =   r\ 

VI II.  The  more  general  case  will  now  lie 
attemptwl.  Let /'be  (I?  0)  and /*',  (ff',  0')i 
COS  d  =  sin  PT  Bin  P'T'   -h  cos   FT  coskt 

P' r  cos  ip  -  0')  ~  cos  PT  COS  p' r 

AM  )  N 


But 


tan /T tan /"r  +  vas  {$-$'). 
cos  fl  Ian  d  -  tan  PT ; 


COS  fl'  Ian  0'  =  tan  /"  r, 


o 


whence 

-^  tan  ^  I. 


10'). 


T     T 

6')  (1  -(-  tan  ff  tan(W 


1  +  Ian'  rf         1  +  tan'  PT  '    \  -\-  Ian'  P'  T 
(1  -)-  tan  fl  tan  8'  -}-  tan  ^  tan  0')- 

But  (1  +  tan'  PT)    ^    1  +  tan'  g  +  tan'  0 

cos'  I?  "  i 

It  tlierefore  follows  that 

(1  -|-  tan'  d)  =  (1  -t-  Ian'  6  -f  Ian'  ^)   (1  +  tan'  g'  +  lan*0') 
(1  +  tan  ff  tan  ^'  -f-  tftn  ^  tan  0')', 

which  is  an  equation  of  the  flecond  degree  in  tan  fl,  and  tan  ^.  and 
as  the  hypothesis  indicates  the  equation  of  a  small  circle  with  centre 
at  P'  and  with  d  as  angular  radius. 


" 
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The  theory  of  the  direct  method  of  determining 

transport  numbers. 


By 
W.  Lash  IfiUer. 

(With  2  figures  in  text.) 


The  theory 
of  the  direct  metliod  of  determining  transport  nnmbers. 


The  transport  number  of  any  component  of  an  electrolytio  solution, 
as  defined  by  Hittorf,  gives  the  number  of  electrochemical  equiralests  j 
of  that  constituent  transported  from  one  electrode  compartment  to  ano- 
ther during  the  passage  of  9K540  coulombs  through  the  solution.  It 
may  be  determined  either  by  quantitative  analysis  of  the  contents  of 
the  electrode  compartments  before  and  after  the  passage  of  a  measured 
amount  of  electricity  (Hittorf's  or  analytical  method),  by  observation 
of  the  motion  of  the  boundary  separating  two  solutions  (meniscus  or 
direct  method),  or  by  thermodynamic  inference  from  E.  M.  F.  determina- 
tions etc.  {thermodynamic  method). 

The  theory  of  the  'direct'  method  has  been  developed  by  Kolil- 
rausch'),  Weber'),  Masson^).  Abegg*)  and  otiiers,  but  among  the  ex-  j 
perimental  workers  in  this  field  the  impression  seemes  to  have  grown 
up   that  'directly'   determined   transport  numbers  need   not   necessarily 
agree  with  those   obtained   by   the  analytical  method'').     The  following  ^ 
argument,  which  differs  from  those  of  Kohlrausch  and  othera  in  avoi- 
ding all  references  to  rates,   mobltitieG,   current,  aud  other  functions  ' 
involving  time,  and  which  makes  no  assumption  as  to  the  constitution 
(whether  complex  or  not)  of  the  ions  of  the  solutions  involved,  shows  , 
that   transport  numbers    properly   calculated   from    observations  of  the   '. 
motion  of  the  meniscus  must  be  identically  the  same  as  those  obtained  . 

')  Wied.  Ann.  62,  237  (1897). 
*)  Bar.  d.  d.  chem.  Ges.  336  (1897). 
•)  ZeiUchr.  f.  pbjsik.  Cheraie  2»,  501  (1899). 
•)  ZeiUchr.  f.  physik.  Chemie  iO,  737  1.1902), 

')  For  instance.  Zeitachr.  f.  pliysik.  Chemio  M,  57B  (1903);  Phil.  Tritns.  205A, 
99  (1906). 
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by  the  analytical  method;  in  fact,  that  the  'meniscus  method'  is  but  a 
modification  of  the  method  of  Hittorf,  in  which  the  amounts  of  the 
various  constituents  of  the  solution  transported  are  determined  by  vo- 
lume measurements  instead  of  by  quantitative  chemical  analysis. 


Two  salts  with  common  ion. 

Figure  1  represents  the  longitudinal  section  of  a  cylindrical  tube 
of  radius  r,  through  which  the  (positive)  electric  current  flows  in  the 
direction  indicated  by  the  arrow.  At  the  beginning  of  the  experiment 
the  tube  is  filled  with  solutions  of  AS  and  AZj  meeting  at  a6;  and 
it  is  assumed  that  the  boundary  between  these  solutions  (hereafter 
termed  the  ^'meniscus'')  although  moving  along  the  tube,  remains  sharp 

M  ►  P 


Fig.  1. 


and  distinct  throughout  the  experiment  Under  the  influence  of  the 
current  the  constituent  A  of  the  solutions  moves  in  the  direction  of  the 
positive  current  of  electricity,  S  and  Z  move  in  the  opposite  direction; 
so  that,  in  Faradays  sense  although  not  necessarily  in  the  sense  of 
the  modem  theory  of  solutions,  -4,  S  and  Z  are  the  'ions'  present 

Let  cd^  at  a  distance  /  cm.  from  ab^  represent  the  position  of  the 
meniscus  after  the  passage  of  96540  coulombs;  jtlr^  cc  of  the  AS 
solution  have  therefore  been  replaced  by  a  solution  of  AZ.  The  remain- 
ing solution  of  AS,  to  the  left  of  cd,  retains  its  original  composition*), 
and  consequently  jtlr^2  grams  of  the  component  S  {2  representing  tlie 
number  of  grams  of  S  in  one  cc  of  the  A  S  solution)  must  have  passed 
the  stationary  section  MN.  This  number,  jtlr^H,  may  be  termed  the 
"uncorrected  gram  transport  number"  of  the  ion  S;  and  if  the  concen- 
tration be  expressed  in  gram  equivalents  of  S  per  cc,  0,  then  jtlr^a 
gives  its  "uncorrected  equivalent  transport  number".  Hittorf 's  transport 
number  is  defined  as  the  number  of  equivalents  of  S  which  during  the 


')  The  concentrations  and  the  electrical  conditions  are  the  same  at  any  two 
sections  through  the  liomogeneous  solution,  consequently  the  amounts  transported 
through  the  two  sections  must  be  the  same,  and  there  can  be  no  accumulation  or 
change  of  concentration  between  them. 
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passage  of  96540  coulombs  cross  a  boundary  stationary  with  respect 
to  the  water  of  the  solution,  not,  like  MN,  stationary  with  respect 
to  the  walls  of  the  tube;  hence  the  use  of  the  word  "uncorrected". 
Neglecting  tiie  correction,  and  writing  n,  for  Hittorf 's  transport  number, 
and  Nt  for  the  gram  transport  number, 

jclr^2  =  Ns    Jclr^O  =  w,.  (1) 

This  is  the  fundamental  expression  connecting  the  transport  number 
with  the  motion  of  the  meniscus;  it  shows  (1)  that,  subject  to  a  cor- 
rection for  the  expansion  and  contraction  caused  by  electrolysis,  the  trans- 
port number  as  defined  by  Hittorf  may  be  deduced  from  observations 
of  the  motion  of  the  meniscus,  no  matter  whether  the  ions  of  tlie  solu- 
tion be  'complex'  or  'simple';  and  (2)  that  in  carrying  out  the  experi- 
ments, the  quantities  to  be  determined  are:  the  concentration  of  the 
solution,  the  cross-sectional  area  of  the  tube,  and  the  distance  moved 
per  coulomb  by  the  meniscus. 

The  concentration  (Z\  £*)  of  the  new  solution  of  -4  Z  formed  to  the 
right  of  cd  by  the  electrolysis,  is  not  necessarily  the  same  as  that  of 
the  solution  with  which  the  tube  was  originally  fiUed  (Z,  g);  nor  does 
the  meniscus  separating  these  two  AZ  solutions  necessarily  remain 
fixed  at  ab.  If  however  it  be  supposed  that  the  tube  was  originally  filled 
with  a  solution  of  A  Z  of  the  concentration  Z\  it  is  obvious  that 

jtlr^Z'  =  Nz     Jclr^^  =  m  (2) 

because  the  lefthand  member  gives  the  number  of  gi*ams  (or  equivalents) 
of  Z  which  during  the  passage  of  96540  coulombs  have  crossed  the 
stationary  section  PQ\  and  as  the  motion  of  the  meniscus  AS\AZ  is 
independent  of  the  existence  of  a  meniscus  AZcondAZ^i,,  it  is  allowable 
to  apply  Equ.  (2)  in  the  general  case,  where  the  concentration  of  the 
new  solution  (Z')  differs  from  that  of  the  original  (Z).  Metiiods  of  deter- 
mining the  transport  number  based  on  Equ.  (2)  are  more  difficult  of 
execution  than  those  based  on  Equ.  (1),  because  they  involve  an  ex- 
perimental determination  of  g*,  while  a  is  known. 
From  (1)  and  (2)  there  follows 

i^  _  2;     71^  _  a 

Nz  -  Z"   7i~  -  f  ^^^  J 

a  relation,   like  (1)  and  (2),  wholly  independent  of  special  assumptions. 

*)  Kohlrausch,  loc.  cit  p.  238;  Masson,  loc.  cit.  p.  515. 
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Two  Bolutioxui  of  difOarent  oonoentratioxui. 

If  in  place  of  solutions  of  two  salts,  AS  and  AZ^  the  cylinder 
be  supposed  filled  with  two  solutions  of  the  same  salt  AZ  but  of  diffe- 
rent concentrations  viz:  Z  and  Z'  grams  (or  g  and  ^  equivalents)  of 
the  constituent  Z  per  cc  respectively,  the  same  method  of  argument 
may  be  employed.  To  fix  the  ideas,  let  Z  be  greater  then  Z' ;  if  then 
the  transport  number  of  the  anion  Z  increase  with  the  concentration 
of  the  solution,  the  meniscus  will  move  against  the  current  in  fig.  2, 
and  vice  versa.   After  the  passage  of  96540  coulombs,  nz  equivalents 

M  >  P 


? 


e' 


i 


<^ 


Fig.  2. 

of  Z  have  passed  Jf  JV,  artd  only  n'z  have  passed  PQ\  so  that  if  it  bo 

assumed  that  the  solutions  on  either  side  of  the  meniscus  retain  their 

initial  concentrations, 

nz  —  n'z  =  :nlr^  (g  —  g') 

1      nz  —  n'z  fs. 

whence  /  =  — r -r-  •  (4) 

Absence  of  motion  would  consequently  indicate  that  the  transport 
number  was  independent  of  the  concentration  of  the  solution^). 

In  any  attempt  to  realize  the  conditions  of  the  argument  in  practice, 
the  boundary  between  the  two  solutions  of  different  concentrations  would 
consist  of  a  more  or  less  broad  diffusion  band;  this  may  be  considered 
as  consisting  of  a  number  of  parallel  ''menisci"  between  pairs  of  solu- 
tions whose  concentrations  increase  from  g*  to  g  in  fig.  2.  Assuming 
that  7iz  increases  with  increase  in  the  concentration,  all  of  these  will 
move  against  the  current;  and  if  7iz  be  a  linear  function  of  the  con- 
centration, i,  e.,  if  — -?  =  — ^ — p-^  =  const,  all  will  movo  the  same 
distance,  and  the  breadth  of  the  diffusion  band  will  not  be  affected  by 
the  migration.     If  however  -^ — p— decrease  with  increase  in  g,  i.e.  if 

-p:^  be  negative,  the  menisci  to  the  right  in  fig.  2  will  overtake  those 
to  the  left,  thus  sharpening  the  boundary,  and  vice  versa*). 

^)  Kolilrausch,  loc.  cit.  p.  235. 
';  KohlrauBch,  loc.  cit   p.  286. 
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Conditions  of  maintenance  of  meniscus. 

Thus  the  method  of  the  present  paper  enables  one,  in  a  simple 
case,  to  predict  the  effect  of  current  on  the  stability  of  the  meniscus 
itself.  To  solve  the  problem  in  general  however,  it  is  necessary  to 
discuss  the  result  of  electrolysing  a  solution  whose  concentration  (as 
regards  one  ion  at  least)  varies  along  the  path  of  the  current;  under 
these  conditions  the  assumption  made  on  page  437  (that  the  composition 
of  the  solution  at  any  point  is  unaffected  by  the  passage  of  the  current) 
can  no  longer  be  made,  and  the  simple  method  of  treatment  employed 
in  this  paper  is  inapplicable.  Whetham's  principle^)  —  that  to  en- 
sure a  sharp  meniscus  the  specifically  slower  ion  must  follow  the 
specifically  faster  —  is  of  great  practical  utility,  and  Kohlrausch  has 
deduced  a  number  of  generalizations  applicable  to  solutions  in  which 
the  mobilities  of  the  ions  involved  do  not  vary  with  their  concentra- 
tions (total  dissociation)^);  but  the  general  solution  can  be  attained  only 
through  the  application  of  Arrhenius'  theory  of  electrolytic  dissociation, 
and  in  particular  his  theory  of  isohydric  solutions^),  to  establish  the 
necessary  connection  between  the  concentrations  and  the  (empirical) 
mobilities  of  the  components  of  a  solution  containing  several  salts. 

Arrhenius  has  shown,  for  instance,  that  in  an  aqueous  solution 
containing  acetic  acid  and  sodium  acetate  in  approximately  equal  quan- 
tities, the  dissociation  of  the  acetic  acid  and  consequently  the  partici- 
pation of  the  hydrogen  ion  in  the  transport  of  an  electric  current  is 
very  slight;  it  follows  from  this,  that  a  stable  meniscus  may  be  expected 
between  acetic  acid  and  sodium  acetate  solutions  if  the  (positive)  current 
flows  from  the  former  to  the  latter,  i.e,  if  the  hydrogen  ion  follows  the 
sodium  ion.  Experiments  by  Mr.  Dawson  and  Mr.  Graham  in  this 
laboratory  confirm  this  conclusion,  and,  it  is  hoped,  may  lead  to  a  satis- 
factory determination  of  the  transport  number  of  acetic  and  other  weak 
acids  by  the  direct  method. 

Summary. 

1.  The  theory  of  the  "direct"  method  of  determining  transport 
numbers  may  be  dealt  with  without  introducing  rates,  mobilities,  current, 
or  other  functions  involving  time,  and  without  making  any  assumptions 
as  to  the  constitution  of  the  electrolytes. 


*)  Theory  of  Solution,  p.  220  (1902). 

«)  Wied.  Ann.  62,  219. 

■)  Wied.  Ann.  80,  61  (1887);  Zeitschr.  f.  phys.  Chemie  &,  1  (1890). 
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2.  Transport  numbers  properly  calculated  from  observations  of  the 
motion  of  the  meniscus  must  be  identically  the  same  as  those  obtained 
by  the  analytical  method;  for  the  meniscus  method  is  but  a  modifica- 
tion of  the  method  of  Hittorf  in  which  the  amounts  of  the  various 
constituents  of  the  solution  transported  are  determined  by  volume  mea- 
surements instead  of  by  quantitative  chemical  analysis. 

3.  The  problem  of  the  stability  of  the  boundary  between  two  electro- 
lytes can  not  be  solved  in  general  without  special  assumptions  as  to  the 
constitution  of  the  electrolytes,  such  as  are  afforded  by  Arrhenius' 
theory  of  electrolytic  dissociation  and  his  theory  of  isohydric  solutions. 

The  University  of  Toronto,  September  1908. 
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Il80.  "8oms  eaten  of  artenioiu  acid.  Part  11.  BeBOrcinyl 
araenite."  B7  William  Bobert  Lang  and  Jolm  Obins  Wood- 
honae. 

Continuing'  the  ezperitnenta  deBcrihed  in  a  previous  communication 
{Lang,  MacKey,  and  Gortner,  Trans.,  1908,  93,  1364),  but  using 
one  of  the  dihydric  phenols,  quantities  by  weight  of  resorcino!  and 
of  ftrseniouB  oxide  corresponding  with  the  equation  below  were 
heated  to  the  melting  point  of  the  former  in  a  distilling  flask, 
connected  through  a  weighed  flaHk  with  an  eihaust  pump.  The 
temperature  was  kept  constant,  and  tlie  arsenio  slowly  dissolved  in 
the  melted  reKOrcinol,  yielding  nn  am  her -coloured  fluid  becoming 
darker  as  the  heating  progressed,  the  pressure  being  60  mm.  The 
water  evolved  in  the  reaction,  :ifnH^(OH),  + Ab,0,-(CbH,0,),Asj  + 
3H„0,  collected  in  the  trup  and  »as  weighed  as  a  che«k,  due 
precautionH  being  taken  to  prevent  Iota,  After  heating  for  fifty-five 
lainutea  the  mixture  was  allowed  to  cool,  biokeu  up,  and  estiautt^d 


irith  liftt  toluetie,  which  reniov^  from  it  Eome  resorcinol.  The 
roridlie  was  dissolved  in  dry  etbyl  alcohol,  in  which  these  eetera 
kre  Bolnble,  when  an  immediate  precipitate  of  arsenious  oxide  was 
produced.  Aoalyeia  of  the  substance  obtained  ou  evaporation  in  a 
vacuum  of  the  alcoholic  estr»ct  proved  it  to  contain  from  6  to 
6  per  cent,  of  arssnious  oxi<le  in  excess  of  that  required  by  the 
formula  (C^H^Oj}|A.aj,  showing  that  areenioas  oxide  dissolved  in  the 
eeter  formed.  To  prevent  this,  an  excess  of  resorcinol  was  employed, 
namely,  100  grams,  and  DO  grams  of  arsenious  oxide  heated  with 
it  as  before,  tho  proportioOG  of  the  former  to  the  latter  being, 
according  to  the  equation  supposed  to  represent  the  reaction,  100  to 
60;  in  this  way  an  amount  of  resorcinol  corresponding  with  10 
grams  of  arsenious  oxide  would,  of  necessity,  remain  unacted  on  and 
be  readily  extracted  from  the  ester  by  a  npeciSc  solvent.  After  an 
hour's  heating,  the  solidified  mass  was  broken  up  and  digested  in  a 
reflux  condenser  with  dry  toluene,  which  extracted  a  considerable 
proportion  of  resorcinol.  This  treatment  was  repeated  until  no  more 
resorcinol  could  be  obtained  on  evaporation  of  the  solvent.  The 
reeorcinol.free  mass  was  analysed  as  follows.  About  I  gram  was 
treated  with  water,  which  caused  its  immediate  decomposition,  the 
solution  acidified  with  hydrochloric  acid,  and  the  arsenic  precipitated 
us  sulphide,  dried  on  a  tared  tilter,  and  weighed.  The  results  of 
numerous  analyses,  which  closely  corresponded,  give  : 

Found,  As  =  3 1  -9.     CigHjjOjAs,  requires  As  =  3 1  "65  per  cent. 

Jieeoroitti/l  araeiiiie  clo!««ly  resembles  hardened  gelatin  in  appearance, 
melts  at  24°,  and  has  a  specifii!  gravity  of  1'9.  It  is  sohihle  in 
methyl,  ethyl,  propyl,  and  butyl  alcohols,  but  insoluble  in  ether, 
chloroform,  benzene,  or  toluene.  Water,  however,  immediately 
decompLises  it. 

The  same  experiments  were  btied  with  qiilool,  but,  so  far,  without 
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A  THIRD  METHYL  ESTER  OF  PHTHALIC  ACID. 


These  experiments  were  undertaken  under  the  direction  of  Professor 
Allan  with  the  object  cf  finding  out  whether  it  was  possible  to  prepare 
an  ester  of  phthalic  acid  corresponding  to  the  barium  salt 
(C,H,C,0(Ba),C,H,C,0,.  This  barinm  salt  was  obtained  by  heating 
the  acid  salt  (CjH,C,Oj),H,BaHjO  at  120-140°  until  constant  weight  was 
obtained. 

Baiium  Salt  ami  Ethyl  lodidi. — C<i)  Five  g.  of  the  barium  salt  and  5  cc. 
ethyl  iodide  were  shaken  for  several  hours  at  room  temperature. 

(b)  Five  g.  of  the  barium  salt  and  5  cc.  ethyl  iodide  with  3  cc.  ethyl  alco- 
I   hoi  were  shaken  for  several  hours  at  room  temperature. 

(c)  Five  g.  of  the  barium  salt  and  5  cc.  ethyl  iodide  were  heated  at  100° 
for  two  hours. 

The  contents  of  each  of  these  tubes  were  then  treated  with  water  and 
tested  for  barium  iodide  with  negative  results  in  each  case.  This  indi- 
cated that  no  ester  had  been  formed. 

Barium  SaU  and  Methyl  SulphaU:—{di  0.5  g.  of  ihe  barium  salt  and 
5  cc.  methyl  sulphate  were  shaken  for  four  hours  at  room  temperature. 
When  the  liquid  was  removed,  the  solid  part  was  found  lo  contain  barium 
sulphate,  which  showed  that  a  reaction  had  taken  place. 

{e)  fiarium  salt  and  methyl  sulphate  were  heated  in  a  sealed  tube  at 
100"  for  four  hours  and  then  filtered.  Part  of  the  iiltrale  was  shaken 
with  water  to  decompose  the  methyl  sulphate  but  all  the  oil  disappeared, 
the  ester  being  saponified  by  the  sulphuric  acid  from  the  methyl  sulphate. 
Another  part  of  the  filtrate,  on  standing,  separated  into  two  layers,  one 
of  which  was  found  to  contain  much  more  sulphate  than  the  other.  The 
part  containing  least  sulphale  was  washed  with  water,  dried  over  sulphuric 
acid  and  saponified  with  polas.sium  hydroxide  solution. 

0,1500  gram  of  Ihe  oil  Tcquired,  u.i?  ce.  patussiiim  hydroxide  sol. 
Cjlculuted  for  iliniElhyl  phthulnte,  l:6.t.t  cc. 
OtkuJfilMJ  for  nionumcthyl  phlh.iliitc,  iS.,'^<t  cc. 

This  showed  that  this  oil  was,  at  any  rate,  not  the  pure  ester  correspond- 
ing to  the  barium  salt,  as  the  potassium  hydroxide  solution  required  to 
saponify  it  would  be  intermediate  between  tiiat  required  for  the  mono- 
methyl  ester  and  that  necessary  for  ihe  dimclliyl  ester.  Other  experi- 
ments showed   llial  when  the  neutral  barium  sidl  or  (he  acid  salt  was 
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heated  with  methyl  sulphate  the  resulting  liquid  separated  in  each  case 
into  two  layers. 

(/)  The  barium  salt  and  methyl  sulphate  were  heated  in  a  sealed  tube 
for  forty-five  minutes.  The  liquid  was  filtered  off  hot  and  on  cooling,  a 
small  quantity  of  white  crystals  separated  out,  which  were  washed  free 
from  methyl  sulphate  by  benzene  and  recrystallized  several  times  from 
ethyl  acetate  and  finally  gave  a  constant  melting  point  of  187°.  More 
of  this  product  was  obtained  by  washing  the  solid  contents  of  the  tube 
with  ethyl  acetate.  That  this  substance  is  a  compound  of  phthalic  acid 
was  shown  by  decomposing  a  small  portion  of  it  and  obtaining  the  char- 
acteristic crystals  of  phthalic  anhydride,  but  the  melting  point  of  mono- 
methyl  phthalate  is  85°  and  dimethyl  phthalate  is  a  liquid. 

Determination  of  the  Methyl  {ZeiseVs  Method). — 0.2012  gram  of  the  ester  was  heated 
with  hydriodic  acid  in  a  current  of  carbon  dioxide,  the  methyl  iodide  formed  being 
passed  into  silver  nitrate  solution.  Weight  of  silver  nitrate  formed  —  0.4060  gram. 
Methyl  found,  12.9  per  cent-    Calculated  for  [CeH/CO,CH,)j4CeH4C208,  13.0  per  cent. 

Determination  of  the  Molecular  Weight. — A  molecular  weight  determination  was 
made  by  finding  the  increase  in  the  boiling  point  of  acetone  when  the  ester  is  dissolved 
m  It. 

Calculated  for  [C^U,(C0jZH3\]fiJlfifii 924 

Calculated  for  [CJA,((:OjZH^\],CJA,C20i/4 231 

Found 233 

The  substance  was  recovered  from  the  acetone  with  unchanged  melting 
point. 

The  most  reasonable  explanation  of  the  molecular  weight  in  acetone 
is  that  the  ester  is  mostly  dissociated  into  dimethyl  phthalate  and  phthalic 
anhydride  and  recrystallizes  from  the  acetone  as  the  original  ester.  In 
that  case,  the  easiest  method  of  making  the  ester  would  be  to  dissolve 
these  substances  in  acetone  in  the  proper  proportions  and  allow  to  crys- 
tallize. 

0.21  g.  of  phthalic  anhydride  and  i.io  g.  of  dimethyl  phthalate  were 
dissolved  in  acetone  and  allowed  to  stand  for  half  an  hour.  When  the 
acetone  was  evaporated,  the  same  weight  of  phthalic  anhydride  was 
found  as  was  used  and  no  crystals  of  the  new  ester.  This  shows  con- 
clusively that  the  ester  is  not  dissociated  into  phthalic  anhydride  and 
dimethyl  phthalate  in  acetone  solution. 

It  is  possible  that  the  barium  salt  used  might  contain  some  of  the 
salt  (C8H4C204)6H2Ba4  although  there  is  no  evidence  that  this  is  an  inter- 
mediate stage  in  the  preparation  of  the  barium  salt  used  in  these  ex- 
periments. If  the  ester  were  formed  frcm  this  salt,  it  might  be  con- 
sidered that  the  ester  was  a  double  compound  of  dimethyl  phthalate 
and  phthalic  acid  or  of  dimethyl  phthalate  and  moncmethyl  phthalate, 
but  attempts  to  obtain  the  ester  by  dissolving  these  substances  in  acetone 
and  crystallizing  gave  the  original  materials  only  and  none  of  the  new 
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ester.     If   the  ester  were  derived   as   suggested,  its  formula   would  be 

[C,H,(CO,CH3),],C«H,(CO,H,)  ^  4  =  C.H,(CO,CH,),[C.H,(CO,Hj]^ 

but  with  the  data  we  have  at  present,  the  only  formula  which  can  be 
used  is 

C«H,(C0,CH3),.(CeH,/    ^0)i- 

It  is  hoped  that  measurement  of  the  rate  of  saponification  of  dimethyl 
phthalate  or  of  the  rate  of  esterification  of  phthalic  acid  or  of  phthalic 
anhydride  by  methyl  alcohol  will  show  whether  this  new  ester  is  an  inter- 
mediate stage  in  one  or  more  of  these  reactions. 

Only  about  0.6  g.  of  this  ester  has  been  prepared  as  the  yield  is  very 
poor.  This  is  probably  due  to  the  barium  salt  becoming  protected  by 
a  layer  o  barium  sulphate  and  it  is  hoped  that  some  method  of  shaking 
the  tube  may  increase  the  yield.  Further  investigation  of  this  very 
interesting  ester  is  in  progress. 
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ROTE  OR  THE  OXtDATIOR  OF  ^-NAPHTBOQUIRORE. 


In  a  series  of  experiments  oa  the  oxidation  of  naphthalene  and  various 
naphthalene  derivatives,  Daly'  found  some  indications  that  in  the  oxida- 
tion of  /?-naphtlioquinone  by  potassium  permanganate  in  alkaline  solu- 
tion the  reaction  ceased  before  the  amount  of  permanganate  bad  been 
reduced  which  would  correspond  to  the  oxidation  of  the  naphthoquinone 
to  phthalonic  acid  and  he  mentions  Ihe  possibility  of  the  dilceto  acid, 
C^/COCO,H),.  being  formed  in  the  solution.  Under  the  direction  of 
Professor  Allan,  the  author  investigated  this  reaction  in  the  hope  of  pre- 
paring the  diketo  acid  in  this  way. 

If  the  oxidation  in  alkaline  solution  were  to  the  diketo  acid  and  then 
in  acid  solution  to  phthalic  acid  the  two  stages  of  the  reaction  might  be 
represented  by  A,  but  if  the  oxidation  in  alkuhiie  solution  were  to  phthal- 
onic acid  they  would  be  represented  by  B. 

,CO.CO  (4O)  .COCO,H  CaO) 

A.    C^/  I      .        -'-  ^ 

X;H:CH 


B.    C,H,i 


.CO. CO  {5O) 


VH:CH 


COCO^ 
yCOCO.H 


C2O)  yCO,H 

— ^  c,h/ 

N:o,H 


(O) 


co^ 


CO,H 


^CO,H 

So  that  the  ratio  of  the  amounts  of  oxygen  used  in  the  two  stages  of 
the  reaction  would  be  two  according  to  A  or  five  according  to  B. 

The  ^-naphthoquinone  was  prepared  by  the  method  of  Lagodzinski 
and  Hardine'  and  purified  by  the  method  given  by  Boswell."  It  is 
slightly  soluble  in  decinormal  sodium  bicarbonate  solution  (0.54  g-  per 
Kler)  and  not  more  soluble  in  a  normal  solution. 

To  find  the  ratio  between  the  amount  of  permanganate  required  to 
oxiilize  the  naphthoquinone  in  alkaline  solution  and  the  permanganate 
required  to  complete  the  oxidation  in  acid  solution  to  phthalic  acid, 
I  to  cc,  of  a  saturated  solution  of  the  quinone  in  decinormal  sodium  bi- 
carbonate was  added  lo  ^o  cc.  decinormal  permanganate  solution  and 
Irfl  at  laboratory  tcmperalure  for  twenty-four  hours.  In  50  cc.  of  this 
solution  the  residual  permanganate  was  determined  by  a<ldtng  a  solu- 
tion of  o  4  g.  |>otassium  iodide  and  1  g.  sulphuric  acid  in  loo  cc.  water 
and  titrating  the  iodine  set  free.     To  another  50  cc.  of  the  solution  two 
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per  cent,  sulphuric  acid  and  a  few  drops  of  manganese  sulphate  solution 

were  added,  and  after  two  minutes,  by  which  time  the  oxidation  to  phthalic 

acid  was  complete,  the  solution  of  potassium  iodide  and  sulphuric  acid 

was  added  and  the  iodine  determined.     Since  the  oxidizing  power  of  the 

permanganate  is  i .  66  times  greater  in  acid  solution  than  in  alkaline 

solution,  the  permanganate  used  in  oxidizing  the  solution  to  phthalic 

acid  was  multiplied  by  i .  66  so  that  the  amounts  of  permanganate  would 

be  in  proportion  to  their  oxidizing  value. 

I.  u. 

Permanganate  reduced  in  alkaline  solution 

-  ..    _    .  4.65  4-75 

Permanganate  reduced  in  acid  solution 

This  shows  conclusively  that  the  oxidation  is  as  represented  above 
in  B  and  that  the  reaction  in  alkaline  solution  proceeds  to  phthalonic 
acid,  but  it  is  still  possible  that  there  is  a  rapid  oxidation  to  the  dike  to 
acid  and  then  a  slower  oxidation  to  phthalonic  acid. 

Some  experiments  were  made  to  determine  the  constituents  of  the 
solution  at  various  stages  of  the  oxidation  by  adding  small  amounts 
of  permanganate  to  the  quinone  solution,  allowing  the  reaction  to  pro- 
ceed till  all  the  permanganate  was  reduced,  acidifying  the  solution  and 
ethering  out.  As  the  residual  quinone  is  so  much  more  insoluble  in 
water  than  the  products  of  the  reaction,  the  residue  obtained  by  the 
j  evaporation  of  the  ether  contained  little  else  than  quinone. 

i  A    =  initial  weight  of  quinone  in  the  solution. 

B    =  cc.  permanganate  used  to  50  cc.  quinone  solution. 

C    =  weight  of  residue  from  ether. 

D   ~  weight  of  quinone  which  would  be  left  if  oxidation  were  direct 

to  phthalonic  acid. 
R   =   weight  of  quinone  which  would  be  left  if  oxidation  were  to  di- 
keto  acid. 

A.  B.  C.  D.  R. 

Oram.  cc.  Oram.  Grfttn.  Gram. 

0.0226  I  o,02(J9  0.0210  0.0206 

0.0226  6  0.0126  0.0131  0.0108 

0.0226  8  o.oiio  o.oirx)  o.(X)68 

0.0226  10  0.00S7  0.0CJ69  0.0023 

The  results  given  in  this  tabic  arc  not  very  good  because  the  method 
was  inaccurate  but  they  confirm  the  conclusion  arrived  at  from  the  pre- 
vious experiments  that  there  is  no  intermediate  stage  in  the  oxidation  of 
^-naphthoquinone  to  phthalonic  acid  in  alkaline  solution.  A  series  of 
experiments,  in  which  the  rate  of  oxidation  of  the  (|uinone  in  alkaline 
solution  was  determined,  also  gave  no  indication  of  the  existence  of  an 
intermediate  product. 

Further  exi>eriments  to  prepare  the  diketo  acid  by  the  saponification 
of  phthalyl  cyanide  are  now  being  carried  out. 
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I  Kepriiite-l  from  th**  Journal  of  the  Atiiericau  Chemical  Society, 
Vol.  XXXII.  No.  10.     October.  1910. ■ 


ETHYL  TANNATE. 

liV    U.  J.  M.VN.SINtl. 

Kfcrivrd  Jinu*.  1910. 

Of  the  naturally  fKVuninj;  tannins  ^allotannic  acid,  obtained  from  gall- 
nuts  and  many  otlicr  sources,  is  the  most  important  and  best  known. 
Strecker'  claims  that  ^allotannic  acid  is  a  glucosidc  of  gallic  acid  as  it 
yielded  gallic  acid  and  glucose  on   hydrolysis.     Schiff'  synthesized  di- 

*  Attn.,  90,  3.^0. 
■  Ibid.,  170,  49. 
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gallic  acid  from  gallic  acid  by  means  of  phosphorus  oxychloride  and  claims 
that  digallic  acid  and  gallotannic  acid  are  isomers.  If  this  were  so,  gallo- 
tannic  acid  would  have  a  formula  C,,Hn,0^  and  on  hydrolysis  would  yield 
no  glucose.  On  account  of  tJie  difficulty  in  purifying  the  tannin,  de- 
terminations of  its  composition  vary  with  different  expcriraenlers.  I 
have  prepared  a  crystalline  ester  and  through  it  have  obtained  satis- 
factory analyses  gi\'ing  the  composition  of  gallotannic  add  and  consid- 
erable information  about  it. 

Description  of  the  Gallotannic  Acid  Used. 

The  material  used  in  these  experiments  was  obtained  through  Lyman 
Bros.,  Toronto,  from  the  German  firm  of  Schering,  and  came  in  the  form 
of  light  whitish  brown  flakes;  extracted  with  ether  in  a  So.'dilet,  all 
dissolved,  leaving  a  slight  brown  stain  on  tlie  shell,  soluble  in  boiling 
water.  It  was  purified  by  the  method  described  by  Walden;^  100  grams 
of  the  commercial  tannin  were  dissolved  in  250  grams  of  amyl  alcohol 
(which  must  contain  a  Uttle  water)  and  350  grams  of  ether  were  added; 
no  precipitate  appeared.  The  tannin  was  then  tJirown  down  by  gasoline, 
filtered  and  dried  in  a  vacuum  desiccator  over  sulphuric  acid.  So  puri- 
fied, it  formed  a  whitish,  rather  heavy  powder. 

The  crude  sample  of  tannin  contained  a  trace  of  gallic  acid  detected 
by  the  potassium  cyanide  method;^  the  purified  product  was  free  from 
this  if  excess  of  gasoline  were  not  added  during  purification,  and  in  every 
respect,  except  solubility,  behaved  like  gallotannic  acid  as  described  in 
Allen's  "Commercial  Organic  Analysis."' 

Hydrolysis. — A  dilute  aqueous  solution,  after  boiling  for  half  an  hour, 
reduced  Fehling's  solution  (glucose)  and  gave  a  distinct  red  with  potas- 
siiun  cyanide  (Young's  test  for  gallic  acid);  the  same  result  is  obtained 
by  boiling  for  a  moment  with  dilute  hydrochloric  acid.  After  long  boil- 
ing with  calcium  carbonate  while  a  current  of  air  passed  through  the 
soluliiin,  the  blue  coloration  changing  to  red  with  acids  (which  is  charac- 
teristic of  gallic  acid)  was  observed. 

Behavior  with  Reagents. — Arsenic  acid  in  5  per  cent,  alcoholic  solution, 
warmed  with  its  own  volume  of  a  10  per  cent,  solution  of  the  tanotn, 
solidified  to  an  insoluble  jelly,  which  on  standing  in  the  air  dried  up  to 
a  garnet  colored  mass.     Ammonium  molybdtite  and  potassium  jcrricyanide, 
reddish  colorations;  lime  water,  white  precipitate  quickly  turning  blue; 
jvrric  chtoiide,  blue-black  precipitate,  soluble  in  much  water;  lead  ace- 
tate or  nitrate,  white  precipitate  in  not  too  dilute  solutions;  silver  nitrate, 
silver  mirror  on  warming;  copper  sulphate,  greenish  blue  gelatinous  pre- 
cipitate turning  black  on  warming;  potnsst'-um  permanganate  in  alkaline 
'/ier.  31,3167  {1898). 
'S.  Young,  Ckcm.  Nevis,  48,  31. 
'  Vol,  111,  Part  I,  pages  35-38  (1900), 
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solution,  red-brown  precipitate,  dissolving  on  warming  to  a  yellow- 
brown  solution  which  becomes  wine-red  in  the  air;  dilute  stdphuric  acid 
and  dilute  hydrochloric  acid,  and  concenlrated  salt  solutions  form  pre- 
cipitates in  moderately  concentrated  solutions  of  the  tannin,  which  dis- 
solve again  on  adding  water. 

Solubili I y.— My  preparation  was  soluble  in  water,  glycerol,  ethyl  acetate, 
and  acetone;  slightly  soluble  in  anhydrous  amyl  alcohol,  ether  or  ethyl 
alcohol;  v-ery  slightly  soluble  in  carbon  disulphide,  benzene  and  gasoline. 
It  is  quite  insoluble  in  chloroform  {the  gallotannic  acid  and  chloroform 
were  shaken  together  and  filtered,  but  the  filtrate  gave  no  coloration 
whatever  with  ferric  chloride). 

Allen'  says  that  gallotannic  acid  is  soluble  in  six  parts  of  cold  water; 
my  preparation  was  much  more  soluble.  In  an  experiment  in  which 
the  tannin  and  water  were  shaken  together  in  a  thermostat  at  o".  many 
successive  portions  of  tannin  kept  dissolving  until  the  lirjuid  was  a  thick 
sirup,  and  further  addition  of  the  solid  balled  together  and  dissolved 
with  extreme  sloH-uess.  In  the  end  the  perfectly  clear  brownish  sirup 
contained  less  than  one  and  a  half  grams  of  water  to  one  of  tannin.  At 
32°  the  saturated  sirup  was  still  thicker,  and  contained  more  than  two 
grams  of  tannin  to  one  of  water. 

The  solubility  of  tannin  in  ether,  amyl  alcohol,  and  ethyl  acetate, 
is  greatly  increased  by  the  addition  of  a  trace  of  water,  as  shown  by  the 
following  data: 


Ethyl  acetate  (Kalilbauiii) o.s  g.  tannin 

"  "       with  5  per  cent,  water  by  volume J.j    "       " 

Amyl  alcohol  normal  (Kahlbaiun) 0.1    °      ■ 

"  °       wiih  5  per  cent,  wmtcr  by  volum« 0.84  "      " 

The  solubility  of  mannose,  glucose,  galactose,  cane  sugar  and  of  the 
glucosides,  saponin,  salicin,  and  amygdalin  in  amyl  alcohol,  acetone, 
and  in  ethyl  acetate,  is  also  mtich  increased  by  the  addition  of  a  trace 
of  water  but  not  so  markedly  as  in  the  case  of  tannin.  The  solubility 
of  the  alkaloids,  strychnine  and  bmcinc,  in  ethyl  acetate  and  in  acetone, 
on  the  other  hand,  is  not  markedly  increased  by  the  addition  of  water. 

In  tliese  solubility  determinations  the  method  of  analysis  for  gallo- 
tannic acid  was  that  described  by  I'.  Jean,'  involving  titration  with  iodine 
in  alkaline  solution. 

Analysis  of  Gallotannic  Acid. 

To  insure  perfect  dryness  the  tannin  was  heated  in  a  hot  air  bath  at 
MO*  for  two  hours. 

(a)  The  elementary  analysis  gave  the  following  results: 


■  Commt^tml  Ore, 
'  Cliem.  Ceiilr.,  15 


c  Analysis,  jnl  Kil.,  Vol.  Ill,  Part  I,  page  34. 
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Calculated  for  C^iUmJO^:  C,  52.35;  H,  3.40. 

Found:  C,  52.4,  52.25;  H,  3.45,  3.49. 

(b)  To  estimate  the  glucose  in  tannin,  the  following  procedure  was 
adopted:  0.2  to  0.5  gram  of  the  tannin  was  boiled  with  200  cc.  water 
and  25  cc.  of  10  per  cent,  hydrochloric  acid  for  an  hour.  As  gallic  acid 
has  a  marked  reducing  action  on  Fehling's  solution,  it  was  removed  by 
extraction  with  ether,  and  as  glucose  itself  is  somewhat  soluble  in  water- 
saturated  ether,  the  extraction  was  carried  on  quantitatively  and  a  cor- 
rection applied  as  follows : 

From  o.i  to  0.25  gram  glucose  was  mixed  with  0.5  to  1.2  grams  ethyl 
gallate  and  the  mixture  dissolved  in  200  cc.  water  and  25  cc.  of  10  per 
cent,  hydrochloric  add.  After  boiling  the  solution  for  an  hour,  it  was 
made  up  to  100  cc.  and  extracted  six  times  by  shaking  up  for  ten  min- 
utes each  time  with  50  cc.  of  ether.  After  the  sixth  extraction,  all  the 
gallic  acid  formed  by  the  hydrolysis  of  the  ether  except  a  slight  trace 
had  been  removed.  The  following  percentages  of  the  original  glucose 
were  found  by  analysis  in  the  aqueous  layer: 

Glucose  78.9  79.0  78.8  78.6  per  cent. 

Hence  the  boiled  solution  of  tannin  was  extracted  six  times  with  ether, 
the  free  hydrochloric  acid  neutralized  with  sodium  carbonate,  the  glu- 
cose estimated  and  the  results  multiplied  by  100/79. 

The  analysis  gave  glucose:  19.0,  18.79  per  cent.  Calculated  on  the  assumption 
that  one  formula  weight  of  the  tannin  on  hydrolysis  gives  one  formula  weight  of  glu- 
cose: 19. 1  per  cent. 

(c)  Formula  weight  determinations  from  the  boiling  point  of  solutions: 

Water  as  solvent 813  843  922  1025  1500 

Acetone  as  solvent 1672  2023  1500  1450  

Water  as  solvent  (from  freezing  point) 1957  1942  1769  1956  1972 

Calculated  for  C^iH^Oja:  940 

Preparation  of  the  Ethyl  Ester  of  Gallotannic  Acid. 

50  grams  of  the  tannin  were  dissolved  in  250  cc.  of  Kahlbaum's  99.8 
per  cent,  ethyl  alcohol.  After  introducing  the  light  brown  solution  into 
a  500  cc.  flat-bottomed  flask,  hydrogen  chloride  gas,  dried  by  passing 
through  18  inches  of  pumice  stone  moistened  with  sulphuric  acid,  was 
bubbled  through  for  at  least  two  and  a  half  hours.  During  the  opera- 
tion the  temperature  of  the  liquid  rose  to  about  60°.  By  cooling  the 
solution  during  the  passage  of  the  gas  through  it,  the  yield  was  dimin- 
ished, while  applying  heat  to  the  flask  did  not  noticeably  increase  the 
amount  of  the  ester  formed. 

The  dark  brown  sirup  left  after  the  passage  of  the  hydrogen  chloride 
gas  was  evaporated  in  a  large  porcelain  evaporating  dish  until  quite 
thick,  and  Kahlbaum*s  lime-free  barium  carbonate  added  in  excess.  The 
sticky  mass  was  extracted  three  times  with  anhydrous  ether,  the  result- 


KTHYL   TANNATE. 


1317 


ing  greenish  brown  ethereal  liquid  allowed  to  evaporate,  and  tJie  residue 
heated  for  some  hours  in  a  water  bath.  A  dark  greenish  brown  powder 
remained. 

The  crude  ethyl  tannate  so  obtained  was  purified  by  extraction  with 
chloroform  in  a  Soxhlet  for  two  days.  This  leaves  behind  the  coloring 
matter  and  unaltered  tannin  but  dissolves  any  etliyl  galate  as  well  as 
the  ethyl  tannate;  hence  tlie  necessity  of  using  tannin  as  free  as  possible 
from  gallic  acid.  During  the  extraction  the  ethyl  tannate  separated 
out  of  the  chloroform  in  the  form  of  pale  yellow  spherical  nodules  of 
about  2  mm.  in  diameter.  The  yield  was  about  40  per  cent,  of  the  tannin 
used, 

la  the  hope  of  obtaining  a  better  yield,  50  cc.  of  benzene'  were  added 
to  the  dark  brown  solution  through  which  the  hydrochloric  acid  gas 
had  been  passed,  the  whole  well  shaken  and  the  benzene  distilled  off. 
After  three  successive  treatments  with  benzene,  the  lif|uid  left  in  the 
distilling  flask  was  evaporated  and  treated  with  barium  carlxinate  and 
ether  as  before.  Tliis  method  gave  no  better  yield  and  was  therefore 
not  used  again. 

Description  of  the  Ethyl  Tannate. 

On  splitting  open  these  nodules,  they  were  seen  to  consist  of  a  mass 
of  light  yellow  shining  crystals  radiating  from  a  common  center.  Their 
melting  point  was  157°  (ethyl  gallatc  melts  at  H'")-'  They  were  readily 
soluble  in  ether,  alcohol  and  water;  slightly  soluble  in  chloroform;  in- 
soluble in  gasoline  and  in  carbon  bisulphide.  Their  aqueous  solution 
resembled  a  solution  of  tannin  in  its  reactions  with  ammoniimi  molyb- 
date,  lead  nitrate  or  acetate,  silver  nitrate,  copper  sulphate,  and  potassium 
permanganate.  With  potassium  cyanide  the  aqueous  solution  of  ethyl 
tannate  always  gave  a  slight  red  color  indicating  the  presence  of  traces 
of  gallic  acid  or  its  ester. 

Analysis  of  the  Nodules. 

(a)  Elementary  Analyst's.— The  substance  was  mixed  with  a  little 
carefully  dried  red  lead  and  ignited  in  a  porcelain  boat. 

The  analysis  gave:  C,  5^,3        53.4        5^  35:        H,  j  15        511        525 

Calculated  for  C„H»0,  ;         52.30  5.30 

(ft)  Imss  0}  Water  on  Heating. — To  estimate  the  percentage  of  water, 
the  nodules  were  heated  in  an  air  bath  to  125-135"  for  two  hours.  On 
first  heating  they  became  rather  sticky,  but  did  not  melt  completely, 
and  on  continued  heating  became  drier  again  but  showed  a  tendency 
to  turn  brown  and  to  sublime.  Hence  care  had  to  he  taken  not  to  allow 
the  temperature  to  rise  over  135°. 

The  analysis  gave:  7.6,  7.5,  7.8  water;  calciilaled  for  C,|JIaO.,-5H,0:7.fi')  \Kt  cent. 
'  J.  CbfM.  .S<K..  88,  8j;  (i9"S)- 
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(c)  Ethoxyl  Determination, — ^The  method  used  was  that  of  Zeisel  as 
described  in  Meyer  and  Tingle's  ''Estimation  of  Organic  Radicles," 
pp.  34-48.  In  some  of  my  determinations  the  precipitate  of  silver  iodide 
was  brownish  instead  of  yellow.  The  results  with  these  colored  pre- 
cipitates varied  widely,  being  too  large,  and  hence  were  rejected.  It 
was  found  afterward,  however,  that  if  the  brown  silver  iodide  precipi- 
tates in  these  high  results  were  boiled  for  five  minutes  with  100  cc.  of 
15  per  cent,  nitric  acid,  filtered  and  weighed,  the  precipitates  regained 
their  normal  color  and  the  new  results  agreed  with  those  not  rejected.  This 
treatment  with  nitric  acid  does  not  perceptibly  affect  the  pure  silver  iodide. 

OC^5  found:  19.24,  19.32,  19.39,  i9-55»  19-55  per  cent.;  calculated  for  C^jH,, 
0,i(OC^5)5.5H,0»:  19.23  per  cent. 

(d)  Hydrolysis  of  the  Ester  and  Estimation  of  the  Glucose. — 2  grams 
of  the  ester  were  boiled  with  100  cc.  water  for  two  hours  with  a  return 
condenser  and  then  25  cc.  distilled  off.  This  distillate  gave  no  trace 
of  alcohol  when  tested  by  the  iodoform  method.*  If,  however,  previous 
to  the  distillation,  10  cc.  of  dilute  hydrochloric  acid  or  of  dilute  caustic 
potash  were  added  to  the  distilling  flask,  the  distillate  then  gave,  espe- 
cially in  the  latter  case,  a  distinct  deposit  of  iodoform. 

The  freshly  prepared  solution  of  ethyl  tannatc  reduced  Fehling's  solu- 
tion slightly;  but  the  solution  which  had  been  boiled  with  acid  or  with 
caustic  potash  reduced  Pehling's  solution  readily  and  gave  a  marked 
potassium  cyanide  test  for  gallic  acid.  The  products  of  the  hydrolysis 
are  therefore  ethyl  alcohol,  glucose,  and  gallic  acid. 

The  glucose  was  estimated  by  the  same  method  as  was  used  for  the 

estimation  of  glucose  in  the  gallotannic  acid  and  the  same  correction 

was  applied. 

The  analysis  gave:  15.37,  15-42,  15.51,  15.13  per  cent,  glucose.  Calculated  on 
the  assumption  that  one  formula  weight  (CaiH„0„)  of  the  ester  on  hydrolysis  gives 
one  formula  weight  of  glucose:  15.38  per  cent. 

{e)  Estimation  of  the  Gallic  Acid, — 0.2  to  0.3  gram  of  the  ethyl  tannate 
was  hydrolyzed  by  boiling  with  dilute  hydrochloric  acid  as  in  the  estima- 
tion of  the  glucose.  The  boiled  solution  was  then  diluted  to  250  cc. 
and  the  gallic  acid  estimated  by  the  iodine  titration  method  of  Jean.* 

Gallic  acid  found:  72.56,  72.66,  72.8.  Calculated  on  the  assumption  that  one 
formula  weight  (C^jH^Oa,)  of  the  ester  on  hydrolysis  gives  five  formula  weights  of  gallic 
acid:  72.64  per  cent. 

(/)  Formula-weight  Determinations  from  Boiling  Point  of   Solutions, — 

Acetone  as  solvent:  255,  280,  257. 
Ethyl  acetate  as  solvent:  362,  275,  300. 
Chloroform  as  solvent:  1335,  1000,  1200,  1467. 
Water  as  solvent  (from  freezing  |x>int):  301,  309. 
Calculated  for  CsiHaaO,, :    1 1 70 

*  Z.  anal.  Chem.^  9,  492. 

*  Chetn.  Cenif,,  1900,  I,  1 107. 
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Comparing  these  results,  it  is  seen  that  those  given  by  the  chloroform 
solution  are  several  limes  greater  than  those  given  by  the  other  solutions. 
The  lower  numbers  might  be  explained  by  assuming  that  in  all  the  sol- 
vents but  clUoroform  tliere  is  a  dissociation  into  anhydrous  ester  and 
water.  To  test  this,  0.5  to  i.o  gram  of  the  ester  was  dissolved  in  50  cc. 
acetone  and  the  solution  dehydrated  carefully  by  introducing  10  grams 
anhydrous  calcium  chloride.  After  filtering  and  washing  the  calcium 
chloride  carefully  with  acetone,  the  filtrate  was  diluted  up  to  100  cc. 
and  its  boiling  point  determined,  giving  the  following  results: 
Formiila  weight  found;  950,  1050,  Calculated  for  Cj,H„0„:  loSo. 
Moreover,  on  evaporating  this  solution  to  dryness,  an  amorphous,  dark 
brown,  sticky  mass  was  left,  instead  of  the  crystalline  substance  before 
obtuned. 

A  Higher  Hydrate  of  the  Ester  of  Gallotannic  Acid. 

On  the  evaporation  of  solutions  of  ethyl  tannate  in  ether,  chloroform, 
alcohol,  acetone,  and  ethyl  acetate,  only  minute  crystals  were  obtained. 
To  get  large  crystals,  a  cold  (15°)  saturated  aqueous  solution  of  ethyl 
tannate,  obtained  without  heat,  was  allowed  to  evaporate  in  a  round- 
bottomed  evaporating  dish  by  being  placed  in  the  sunlight.  Even  at 
that  temperature  a  partial  decomposition  of  the  ester  into  ethyl  gallate 
and  glucose  took  place.  The  ethyl  gallate,  being  less  soluble,  crystal- 
lized out  first  as  a  top  ring  of  pale  yellow,  steep  rhombic  crystals  around 
the  sides  of  the  evaporating  dish.  At  the  bottom  of  the  vessel,  on  al- 
most complete  evaporation,  were  found  large,  light  brown  crystals,  many 
between  one  and  two  centimeters  in  length,  with  a  sticky  fluid  contain- 
ing the  glucose. 

An  aqueous  solution  of  these  crystals  behaved  like  a  solution  of  the 

lower  hydrate  of  ethyl  tannate.     They  melted  at  ij2°'  and  effloresced 

readily  over  sulphuric  acid  and  slowly  in  the  air.     They  lost  their  water 

of  crystalUzation  on  being   heated  at    125-135°  like  the  lower  hydrate. 

Analysis  gave:  10.5.  10.7,  si.o  per  cent,  water.     Calculated  for  C„H^,0„,15H,0: 


Synthesis  of  Ethyl  Taonate  from  Ethyl  Gallate  and  Glucose. 
20  grams  ethyl  gallate  prepared  according  to  Schiff's  method'  were 
ground  up  with  5*6  grams  glucose  and  mixed  to  a  thin  paste  with  phos- 
phorus oxychloride.  After  heating  this  paste  in  a  water  bath  for  two 
hours,  during  which  time  great  quantities  of  hydrochloric  acid  were  ^ven 
off,  a  dark  sticky  mass  remained.  This  was  further  dried  by  heating 
at  120"  for  a  couple  of  hours,  extracted  with  anhydrous  ether,  the  ether 
solution  evaporated,  and  the  residue  again  extracted  with  chloroform 
in  a  Soxhlet  for  twenty-four  hours.     At  the  end  of  that  period  a  light 

'  Hydratcil  ethyl  gallate  melts  at  90". 

*SiMB.Ann.Ch<M.    163,  Jis;  170,  72. 
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colored  mass  had  settled  out  of  the  chloroform.  By  the  fractional  crys- 
tallization of  its  aqueous  solution  as  previously  described,  the  higher 
hydrate  of  the  ethyl  ester  of  gallotannic  acid  was  obtained.  This  gave 
all  the  reagent  tests  for  tannin,  for  glucose,  and  ethoxyl  groups.  It 
melted  at  132°.  The  maximum  yield  I  obtained  was  only  about  5% 
of  the  theoretical. 

Summary. 

1.  Two  crystalline  derivatives  of  tannin  have  been  obtained.  They 
are  ethyl  esters  of  gallotannic  acid  differing  in  the  amount  of  water  of 
crystallization.  The  previous  analyses  of  gallotannic  acid  varied  be- 
cause crystalline  derivatives  were  not  known  and  therefore  pure  ma- 
terial was  very  difficult  to  obtain. 

2.  These  esters  were  synthesized  from  alcohol  and  gallotannic  acid 
and  one  of  them  was  also  synthesized  from  ethyl  gallate  and  glucose. 

3.  Various  analyses  show  that  the  formulas  for  these  esters  are 
^4iH2702i(OC,Hj5.5H,0  and  Ct^U^,0^,(OC,U^)^.isllfi,  and  that  they 
are  glucosides  of  gallic  acid  in  which  one  formula  weight  of  glucose  and 
five  formula  weights  of  gallic  acid  are  represented  in  one  formula  weight 
of  the  ester.     This  gives  the  formula  C4iH3^02o  for  gallotannic  acid. 

4.  Dissociation  of  the  hyd rated  ester  into  water  and  anhydrous  ester 
would  account  for  the  low  formula-weight  determinations  in  acetone,  etc. 

This  work  was  done  under  the  direction  of  Professor  W.  Lash  Miller. 
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EXPERIMENTAL   DETERMINATION   OF   BINODAL 

CURVES,  PLAIT  POINTS,  AND  TIE  LINES,  IN 

FIFTY  SYSTEMS,  EACH   CONSISTING  OF 

WATER  AND  TWO  ORGANIC 

LIQUIDS 


BY  WAI^TER   D.    BONNER 

Comparatively  little  is  known  of  the  compositions  of  the 
two  coexistent  liquid  phases  which  are  often  formed  when 
three  liquids  are  mixed  together.  The  earliest  determina- 
tions seem  to  have  been  made  by  Tuchschmidt  and  FoUenius 
in  1 87 1,  but  the  only  considerable  experimental  research  on 
the  subject  is  that  published  by  W.  D.  Bancroft  in  1895. 
Now  that  the  graphic  methods  of  the  Phase  Rule  have  been 
applied  to  problems  of  this  sort,  more  particularly  by  van 
Rijn  van  Alkemade,  Schreinemakers,  and  Roozeboom,  it 
seemed  desirable  to  add  to  the  stock  of  experimental  data,  and 
accordingly  the  present  investigation  was  undertaken. 

When  alcohol,  for  example,  is  gradually  added  to  a  mix- 
ture of  ether  and  water,  at  some  constant  temperature,  the 
compositions  and  quantities  of  the  two  layers  of  liquid  grad- 
ually change,  and  finally  a  homogenous  solution  is  obtained. 
The  points  of  the  **Binodal  Curve"  give  the  quantity  of  alco- 
hol which  must  be  added  to  any  given  quantities  of  ether 
and  water  in  order  to  bring  about  homogeneity,  and  the  ex- 
tremities of  the  **tie  lines"  give  the  compositions  of  the 
various  pairs  of  liquids  which  may  exist  in  equilibrium. 
When  the  two  layers  are  practically  of  the  same  composi- 
tion, the  tie  line  is  reduced  to  a  point,  the  '* plait  point," 
on  the  binodal  curve. 

The  experimental  researches  hitherto  published  have 
dealt  mainly  with  the  data  for  the  binodal  curve;  the  posi- 
tions of  tie  lines,  that  is  the  compositions  of  the  various  pairs 
of  coexistent  liquids,  have  been  determined  in  but  few  cases.  ^ 

*  By  Waddell,  Schreinemakers,  Roozeboom,  Wright.  See  Bibliography, 
p.  787.  The  paper  by  Duclaux  contains  data  enough  for  the  calculation  of  the 
tie  lines. 
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As  I  wished  to  study  as  many  different  systems  as  was 
possible,  and  as  organic  liquids  are  in  general  costly,  it  was 
necessar>'  to  develop  a  method  of  working  which  would  not 
necessitate  the  use  of  more  than  a  few  grams  of  material  in 
each  experiment.  The  difficulties  of  analysis  were  avoided 
by  adopting  a  modification  of  the  method  of  "quantitative 
s3Tithesis"  employed  by  Bancroft,'  and  the  positions  of  the 
tie  hnes  and  plait  points  were  determined  by  the  graphic 
method  described  by  W.  Lash  Miller  and  R.  H.  McPherson,' 
and  applied  by  them  in  a  few  cases. 

Method  of  Working: 

My  method  of  working  may  best  be  described  by  refer- 
ence to  a  particular  case.  Three  Ostwald-Sprengel  pytnom* 
eters  with  long  capillary  discharge  tubes'  were  filled  with 
ether,  water,  and  alcohol,  respectively,  and  from  these  0.354 
gram  ether  and  0.501  gram  water  were  weighed  into  a  cylin- 
drical glass  tube  about  12  cm  long  and  1  cm  in  diameter, 
to  the  upper  part  of  which  a  tube  of  larger  bore  (1.5  cm 
diameter  and  3  cm  long)  had  been  sealed  for  convenience  of 
corking.  This  tube  was  at  once  corked  and  immersed  in  a 
well  stirred  mixtiu^e  of  ice  and  water  contauied  in  a  covered 
rectangular  glass  "aquarium"  (such  as  is  often  used  for  gold 
fish)  the  sides  of  which  were  jacketed  with  felt  except  for  a 
space  of  about  10  cm  square  at  each  end.  One  of  these 
openings  could  be  illuminated  by  an  electric  light  which  was 
extinguished  except  during  an  observation,  while  the  otTier 
served  as  a  window,  to  enable  the  tube  to  be  observed  through 
the  telescope  of  a  cathetometer.  The  contents  of  the  tube 
were  stirred  by  a  bent  wire  which  projected  through  a  hole 
in  the  cork,  and  alcohol  was  gradually  added  from  the  third 
pyknometer  (by  lifting  the  cork  and  dropping  in  a  little  at 
a  time)  until  a  homogeneous  solution  was  obtained.  This 
needed  0.326  gram  alcohol.     The  total  weight  of  liquid  in 

'  Phy«.  Rev.,  3,  tj  (1893). 
■Jour.  Phys.  Chem.,  ii,  709  (1908). 

*  Sudi  aa  are  used  lo  inlroiJuce  llquirls  iiilo  a  boiling  pcnnt  apparatus. 
See  Ostwald-Lutber,  I'liysico-ChcniiKh«  Messungea,  ind  edition,  p.  joj. 
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the  tube  was  thus  i .  1 8 1  grams ;  the  cathetometer  gave  the 
height  of  the  liquid  in  the  tube,  hence  from  a  previous  cali- 
bration, its  volume;  from  these  data  its  specific  gravity 
was  obtained. 

The  three  numbers:  ether  0.354,  water  0.501,  alcohol 
0.326,  fix  a  point  on  the  binodal  curve;  but  as  in  the  graphic 
representation  which  I  have  adopted,  the  sum  of  the  weights 
of  ether  and  water  is  represented  always  by  i .  00,  the  three 
numbers  must  each  be  multiplied  by  1.000/0.855,  giving 
ether  0.414,  water  0.586,  alcohol  0.381,  as  the  coordinates 
of  the  point  in  question.  In  the  diagram.  Fig.  i,  the  ab- 
scissa gives  the  amount  of  ether  and  the  ordinate  the  amount 
of  alcohol;  the  amount  of  water  may  be  obtained  by  sub- 
tracting the  value  of  the  abscissa  from  tmity.^  The  other 
points  on  the  binodal  curve  (Fig.  i)  were  similarly  obtained. 


Etfwr 


Fig.  I 


The  actual  amount  of  ether  used  in  determining  the  eleven  points 
of  the  figure  was  4.098  grams,  and  of  alcohol  2 . 680  grams. 
About  four  hours  work  was  required. 


*  This  representation,  while  not  so  symmetrical  as  the  triangular  dia- 
gram, has  the  advantage  that  the  ordinates  are  directly  proportional  to  the 
weights  of  alcohol  used  in  the  experiments.  The  vertical  displacement  of  the 
points  of  the  graph  due  to  an  error  of  one  drop  of  alcohol  per  gram  of  ether 
and  water,  is  thus  the  same  in  every  region  of  the  diagram. 
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Effect  of  Temperature 

After  measuring  the  volume,  the  tube  was  removed 
from  the  ice  bath  and  placed  for  a  few  minutes  in  a  beaker 
of  water  at  about  20°  C.  In  the  experiments  with  ether- 
water-alcohol,  the  homogeneous  solutions  clouded  on  warm- 
ing and  separated  into  two  layers.  In  all  other  cases  tliey 
remained  clear.' 

Determination  of  Plait  Point  and  Tie  Lines 

As  the  alcohol  was  added  in  the  experiment  just  described, 
the  lower  (aqueous)  layer  increased  in  volume,  while  the  up- 
per (ethereal)  decreased  and  finally  disappeared.  In  a  subse- 
quent experiment  in  which  the  proportions  of  ether  and 
water  were  0.601  and  0.399,  respectively,  the  reverse  was 
observed,  the  lower  layer  diminishing  and  ultimately  disap- 
pearing. The  abscissa  of  the  plait  point  consequently  lies 
between  0.414  and  0.601.  To  determine  it  more  closely, 
0.556  gram  of  ether  and  0.541  gram  of  water  were  weighed 
out,  alcohol  added  in  successive  portions  and  the  volumes 
of  the  two  layers  determined  by  the  cathetometer  after 
each  addition.     The  results  were  as  follows: 

Table  I 


Alcohol 

Ether  0.556  g 

Water  0.541  g 

lower  layer 

upper  layer 

Volume  ratio 

0.226 

0.783 

0  739 

0  94 

0.331 

.     0.800 

0  809 

1 .01 

0.358 

0.807 

0.8.5 

l.ot 

0  394 

0.814 

0.842 

103 

0.41a 

0.822 

0.859 

1-05 

0-432 

Homogenous 

'  Except  in  the  ease  ether-waicr-alcohol,  mistures  to  which  almost 
enouKh  alcohol  (or  other  consolule  liquid)  has  been  ad,ded  tu  make  them  homu- 
genous,  become  so  on  remoWng  from  the  ice  hath  and  cloud  a^n  when  re- 
placed. Experiments  numbered  35,  39.  50  were  carried  out  at  15°  C.  because 
ot  the  high  melting  point  of  one  of  the  constituents;  xa  these  cases  the  homo- 
genous lolutions  clouded  on  cooling,  and  cleared  again  on  worming.  In  Mccr- 
burg'a  study  of  the  binodal  curves  of  systems  contaiiung  trimetbylaiiiine.  cases 
analfigous  to  (hat  of  ether- water- alcohol  were  met  with. 
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If  it  be  assumed,  as  a  first  approximation,  that  the  specific 
gravities  of  the  two  layers  are  the  same,  the  volume  ratio 
will  be  the  ratio  of  their  weights.  It  then  a  straight  line 
be  drawn  through  the  point  which  represents  the  composi- 
tion ether  0.556,  water  0.541,  alcohol  0.226  {or  ether  0.507, 
water  0.493,  alcohol  0.206)  to  meet  the  binoda!  curve  at 
each  side  so  that  the  length  of  the  portion  of  the  line  to  the 
left  of  the  point  is  o.  94  times  the  length  of  the  portion  of  the 
line  to  the  right,  the  points  at  which  this  line  meets  the  binodal 
curve  will  give  the  compositions  of  the  lower  and  upper 
layers,  respectively,  and  the  line  will  be  a  "tie  line."  The 
abscissa  of  the  two  ends  of  this  line  are  o.  100  and  0.935, 
respectively.  To  make  a  second  approximation,  the  volume 
of  the  lower  and  upper  layers  {0.783  cc  and  0.739  cc)  may 
be  multiplied  by  the  specific  gravities  of  the  solutions  {ab- 
scissa o.ioo  and  0.935),  viz.:  0.98  and  0.79  respectively, 
giving  0.768  gram  and  0.584  gram  as  the  weights  of  the 
two  layers,  and  0.760  as  the  weight  ratio.  Shifting  the 
line  to  correspond,  gives  0.130  and  0.990  as  the  abscissa 
of  the  end  points.  A  further  approximation  is  in  general 
unnecessary.  Each  line  of  Table  I  thus  serves  to  place  a 
tie  line;  their  positions  were  checked  by  three  further  sets' 
of  experiments  with  different  relative  quantities  of  ether 
and  water.  As  near  the  plait  point  the  tie  lines  are  roughly 
parallel,  the  position  of  the  plait  point  may  be  obtained 
graphically  with  fair  accuracy.  In  the  present  instance  its 
coordinates  are  ether  0.51,  alcohol  0.39,  indicated  by  a  dot 
on  the  binodal  curve  {Fig.  i). 

Source  of  Error  and  Precautions  Taken 

Nearly  all  the  chemicals  used  were  Kahlbaum's  best, 
mostly  from  bottles  opened  for  the  occasion.  In  a  few  cases, 
however,  where  the  guarantee  of  purity  was  not  so  good, 
the  liquid  was  dried  and  fractionated  until  a  satisfactory 
preparation  was  obtained. 

The  pyknometers  were  weighed  to  four  places  of  deci- 

'  In  general  only  two  sets  of  tie  line  detettnimitidiis  ncre  made. 
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mals,  but  only  three  are  recorded.  They  were  always  weighed 
immediately  before  and  immediately  after  using,  even  where 
a  series  of  measurements  with  the  same  liquids  was  in  prog- 
ress. In  some  cases  the  liquid  was  blown  from  the  pyknom- 
eter,  a  tube  15  cm  long  of  calcium  chloride  and  soda-lime 
being  used  to  prevent  contamination  by  the  breath;  gener- 
ally, however,  it  was  found  easier  to  add  small  definite  amounts 
by  squeezing  a  short  piece  of  rubber  tubing  attached  to  the 
upper  tube  of  the  pyknometer  and  plugged  with  a  bit  of 
glass  rod. 

The  attempt  to  substitute  small  burettes  for  the  pyknom- 
eters  was  abandoned,  as  it  was  found  impossible  to  keep  the 
liquids  in  them  at  constant  temperature. 

To  guard  against  evaporation,  the  tube  in  which  the 
liquids  were  mixed  was  kept  stoppered.  In  a  number  of 
cases  it  was  weighed  after  the  experiment  and  the  loss  thus 
determined  directly;  with  volatile  liquids  on  long  standing 
(as  in  tie  line  determinations)  this  might  reach  as  high  as 
one  percent.  Table  II  gives  the  total  weights  and  the  losses 
in  the  experiments  to  determine  the  binodal  curves  for  tol- 
uene-water-alcohol and  for  chloroform-water-carbinol  re- 
spectively : 

Table  II 


Toluene- w 

icr-alcohol                              Chloroform- 

valer-carbinol 

Added 

Loss                        Added 

Leas 

I  3594 

0.0034                    I 

3132 

O.OI18 

1.6416 

0 

01 16             I 

5"74 

0.0120 

"■7512 

0 

0056               1 

8742 

0.0088 

1-5764 

0 

0050                a 

1664 

0.0140 

2.4756 

0 

01  la                  a 

4426 

0.0153 

2.5806 

0 

0076                  2 

1092 

O.OIIO 

1. 836 J 

0 

0063                   I 

3517 

0.0067 

1-6854 

0  0046        ' 

— 

0  9570 

0 

0070 

— 

— 

As  in  all  the  experiments  the  tube  was  at  least  one- 
third  full  of  liquid,  the  composition  of  the  liquid  was  not  ap- 
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preciably  aflfected  by  the  formation  of  vapor  (at  zero  centi 
grade)  within  the  tube. 

In  general  there  was  no  difficulty  in  deciding  whether 
one  phase  was  present,  or  two ;  the  contents  of  the  tube  form- 
ing a  more  or  less  translucent,  milky  emulsion  until  the  last 
drop  of  the  consolute  liquid  suddenly  cleared  it.  In  a  few 
cases,  ^  ether- water-alcohol,  for  example,  no  such  emulsion 
was  formed  and  the  end  point  was  harder  to  determine.  If 
a  little  lampblack'  were  added,  however,  it  collected  at  the 
botmdary  between  the  two  liquids,  which  thus  became  easily 
visible  even  when  the  amotmt  of  one  phase  was  very  small. 

In  order  to  get  an  idea  of  the  probable  accuracy  with 
which  the  end  point  could  be  determined  in  such  cases,  sat- 
urated solutions  of  ether  in  water  and  of  water  in  ether  were 
made  by  shaking  together  equal  volumes  of  water  and  ether. 
Some  of  the  lower  layer  was  pipetted  qS  into  a  tared  tube, 
weighed,  and  then  the  least  amoimt  of  the  upper  layer  of 
whose  presence  I  could  be  positive  was  determined  by  adding 
it  in  very  small  drops  until  plainly  visible,  and  then  weighing. 
The  same  procedure  was  followed  in  the  case  of  the  upper 
layer,  adding  a  small  amoimt  of  the  lower,  and  in  both  cases 
experiments  were  made  with  and  without  addition  of  lamp- 
black. Using  about  one  gram  of  the  lower  layer,  and  adding 
the  upper  in  very  small  drops,  I  found  as  the  mean  of  several 
trials  that  six  or  eight  milligrams  was  the  least  amount  of 
which  I  could  be  quite  certain.  The  presence  of  the  black 
does  not  greatly  lessen  the  amount  of  the  upper  layer  needed, 
but  it  facilitates  its  detection  very  decidedly.  Before  add- 
ing the  upper  layer  the  black  is  scattered  in  loose  flakes 
over  the  surface  or  climbing  up  the  sides  of  the  tube;  but 
the  addition  of  a  very  small  drop  of  the  upper  layer  causes 
it  to  form  a  pronounced  film  on  the  surface,  and  to  come 
down  from  the  sides.     This  film  forms  agam  at  once  if  dis- 

*  Other  experiments  in  which  this  occurred  were  Nos.  5,  11,  21,  31,  32, 
33  and  34  (see  Table  V). 

'  Lycopodium  will  not  go  into  the  boundary.  Indigo,  carmine,  and 
ultramarine  dissolve,  or  seem  to,  in  some  of  the  liquids  used. 
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turbed  by  stirring,  but  on  the  addition  of  a  drop  or  two  of 
alcohol,  enough  to  render  the  system  homogeneous,  it  is 
immediately  dissipated,  the  black  for  the  most  part  settling 
into  the  liquid  and  slowly  to  the  bottom  of  the  tube. 

Using  about  the  same  amount  (one  gram)  of  the  upper 
phase  and  adding  small  drops  of  the  lower,  I  found  that  about 
twenty  milligrams  was  the  least  amount  of  which  I  could 
be  positive. 

Another  method  of  detecting  the  end  point  that  proved 
useful  with  some  substances'  was  to  warm  the  liquid 
slightly  imtil  it  became  homogeneous  and  then  to  cool  it 
again  in  the  ice  bath,  when  the  second  phase  would  separate 
as  an  emulsion,  whose  disappearance  on  addition  of  the  con- 
solute  liquid  could  easily  be  noted. 

In  determining  the  tie  lines  it  was  usually  necessary  to 
let  the  mixture  stand  from  a  half  hour  to  several  hours  be- 
fore it  separated  into  two  layers  whose  volumes  could  be 
measured.  In  a  number  of  cases  complete  separation  did  not 
occur  in  six  or  eight  hours  and  recourse  was  had  to  a  centri- 
fuge.' 

On  addition  of  alcohol  to  mixtures  of  water  and  0- xylene, 
the  densities  of  the  upper  and  lower  layers  approach,  finally 
become  equal,  and  then  when  more  alcohol  is  added  the 
"upper"  layer  becomes  the  heavier,  and  the  two  change 
places.'  In  this  case  I  could  not  obtain  good  separation  on 
standing,  even  for  twenty-four  hours,  or  on  centrifuging. 
Water,  mesitylene  and  alcohol  behave  in  an  analogous  man- 
ner, but  separation  is  not  so  difficult. 

The  tubes  used  were  calibrated  by  adding  weighed 
amoimts  of  water  (of  chloroform  in  a  duplicate  calibration) 
and  determining  with  a  cathetometer  the  distance  from  the 
bottom  of  the  glass  tube  to  the  lowest  and  the  highest  points 
of  the  meniscus. 

in  experiments  Nos,  14,  35,  ifi,  17,  iS,  2q  and  37 


'  This  plan 
(T»ble  V), 


•  Experiments  Nos,  3,  4,  j6,  17,  28,  35,  37,  39,  42,  45  and  48, 
*Thu  occurred  in  expeiimeiits  Nus,  4,  S,  38,  35,  39.  41,  43  and 
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The  volume  of  the  meniscus  cannot  be  neglected;  it  was 
calculated  from  the  height  of  the  meniscus  by  assuming' 
that  the  perpendicular  section  of  the  boundary  liquid-air 
is  an  ellipse.  From  this  assumption  it  follows  that  the 
volume  of  the  meniscus  is  directly  proportional  to  its  height. 
With  one  of  the  tubes,  for  example,  the  volume  was  0.025 
cc  per  mm,  and  the  height  varied  from  about  i .  8  mm  to  2 . 5 
mm,  depending  on  the  liquids  used.  On  a  total  volume 
of  one  cc  the  "meniscus  correction"  thus  amounts  to  five  or  J 
six  percent. 

The  cathetometer  was  a  good  instrument  with  gla! 
scale,  each  division  of  the  scale  corresponding  to  one  mm^J 
the  tenths  being  easily  read  with  a  vernier,  With  the  tubesJ 
used,  o.  I  mm  corresponded  to  about  o.oi  cc,  or  one  percenll 
on  a  volume  of  one  cc.  An  error  of  one  or  two  percent  ial 
the  density  might  thus  easily  be  made.  Any  greater  ao>l 
curacy,  however,  would  be  superfluous,  as  the  densities  weraj 
only  used  in  placing  the  tie  Hnes  (see  page  742). 

As  the  object  of  the  investigation  was  to  study  a  large! 
number  of  substances,  extreme  accuracy  had  to  be  sacrificed"! 
to  the  necessity  for  working  with  small  quantities.  Therl 
abscissa  of  points  on  the  binodal  curve  are,  of  course,  fairly! 
accurate,  probably  well  within  one-half  percent.  But  sincej 
a  drop  of  alcohol,  or  of  the  other  consolute  liquids  used  ial 
the  experiments,  weighs  about  o.oi  gram,  the  ordinate*  1 
may  be  one  or  two  percent  out.  From  the  agreement  be- 
tween duplicate  experiments,  and  from  the  smoothness  of  ■ 
most  of  the  curves,  I  do  not  believe  that  the  error  in  genei 
exceeds  this  amoimt. 

In  placing  the  tie  lines,  much  depends  on  the  form  1 
the    curve-     The    nearer    the    "  volume    ratio ' '    apprc 
unity,  the  less  the  error,  and  I  have  borne  this  in  mind  whel 
planning  the  experiments. 

The  results  furnish  a  view  of  a  very  extensive  field, 
it  should  prove  necessary  to  examine  any  portion  of  it  t 

'  Oslwald:  Lehrbuch,  l,  484. 


Experimental  Determination  of  Binodal  Curves,  Etc.    747 

minutely,  the  necessary  experiments  can  be  repeated  on  a 
larger  scale.  The  experimental  data  are  collected  in  Table 
V,  and  additional  experimental  details  are  given  under 
"Notes  on  Table  V,"  p.  757. 

Discussion  of  the  Results 

Examination  of  Table  III  in  which  the  coordinates  of 
the  plait  points  are  collected,  shows  obvious  stoichiometric 
regularities;  With  alcohol  as  consolute  liquid,  the  three 
esters,  ethyl  acetate,  propionate  and  isobutyrate,  come  to- 
gether, in  the  order  given ;  similarly  with  the  three  alcohols, 
benzyl,  isobutyl  and  isoamyl.  The  hydrocarbons  pinene, 
mcsitylene,  o-  and  />-xylcne,  and  toluene  come  in  the  order 
given,  but  wi-xylene  stands  out  of  its  place  at  the  head  of 
the  series,  Amyl,  isobutyl,  propyl,  and  ethyl  bromides 
follow  in  the  order  named.  Speaking  roughly,  the  latter 
half  of  the  table  includes  the  liquids  noticeably  soluble  in 
water,  and  with  the  exception  of  chloroform,  only  such; 
while  the  first  half  is  taken  up  with  hydrocarbons,  brom  and 
nitro  derivatives.  Except  in  the  case  of  chloroform-propyl 
alcohol,  the  plait  point  is  shifted  to  the  right  {less  water) 
when  carbinol  is  replaced  by  ethyl  alcohol  and  the  latter  by 
propyl  alcohol. 

Table  V.  Inspection  of  Figs.  2,  3  and  4  shows,  how- 
ever, that  there  is  no  such  regularity  to  be  observed 
in  the  relative  positions  of  the  three  binodal  curves :  in 
the  case  of  brom-benzene,  the  highest  curve  is  that  for 
methyl  alcohol,  then  ethyl  alcohol,  and  propyl  alcohol  low- 
est; with  chloroform  the  order  is  propyl,  methyl,  ethyl;  and 
with  carbon  tetrachloride,  methyl,  proply,  ethyl;  at  the  ex- 
treme left  of  the  figures,  however,  the  order  is  methyl,  ethyl, 
propyl,  in  every  case.  In  the  systems  hexane-water-car- 
binol  and  heptane-water-carbinol  the  plait  point  is  situated 
practically  at  the  origin  of  coordinates;  in  other  words,  no 
matter  what  the  proportions  of  carbinol,  water  and  hexane 
(heptane)  may  be,  if  two  layers  are  formed  the  upper  layer 
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will  be  practically  pure  hexane  (heptane).  The  behavior 
of  hexane  and  heptane  is  thus  analogous  to  that  of  a  solid 
(e.  g.  common  salt)  with  carbinol  and  water:  the  amount 


as 


Watwr 


3j0- 


eo-" 


dissolved  varies  with  the  proportion  of  water  to  carbinol,  but 
neither  of  the  latter  substances  is  dissolved  in  the  hydrocar- 
bon or  in  the  salt. 


.^ 


750 


Walter  D.  Bonner 


o 

•§ 


O    l^  fOOO  00    OnWvO    too    «    On«    I^On  iOvO    lO 

666666666666666666 


o 
o 


M    M    w    M    f0r0'«^'^'«^»0  t^oo  00  00   On  O   «    l^ 
OOOOOOOOOOOOOOOmm    m 

666666666666666666 


g 


o 
< 

O 

tn 

% 

z 


8 


gSmSSMm^ 


(A    S 

CO  a 


o 

a 


00  M 


^2. 


M  00 


■fi 

6 


10 

W    -^  CO  »o 


o  o 


•4 

n 

< 
I- 


o 

u 


a 


10 

O   O   O   N 


000000 


OS 

a 

a; 


6  V 

(A   B 

CO  g 


CO  O    On  Cv  N 

M     M      O     O     O 


to  l^  1^00    ON 


0000 
On  u- 


6 


10 


ffiffiOPQ 


u 

a 

u 

a; 

o 

_    V-i 


o 


o 
o 


A  \ 

0)  -O 

0 

0 

)!^ 

Xi 

<M 

U3 

s  s 

>^ 

0 

0^ 

Wh 

V* 

-4-' 

PQPQW 

•«^00    CO  ON  CO 
W     M     M 


Experimental  Determination  of  Binodal  Curves,  Etc.    751 


o 

8 


O 

o 
o 


w 

n 
< 


a; 
o 

< 


(A    S 

CO  c 


0) 

a 
o 

o 

< 


>2 


i^  i^  t^  Thvo  fO  Th  fO  »ovo  Th  r^  -"^  «  Th 


OOOO'-'OOOOOOOOOOO 


« 


0000 


OOOOOOoOOOO 


(D 


OS 


(^ 


o 


2 


s 


0) 


s 


0^    •4-> 

WW 


.»5  .<-»  *j  .<-»  r^ 


g-S"^-^ 


— -,  >^^ 

P^-^  - 


1000   O   fOvO   W    M    O    "^vO 


t>.  lO  N  00  vO    t^ 


to 

vO  vO 


M    00 

10  to 

d  d 


4> 

I 


o 

I 

I: 

P4 


o 

e 

•e 

(3 


0^ 

^  o 

'I 

PQCJ 


O   ^n 


VO 


O 


VO 


00 


VO   l^  O   O 
O   OS  On  «    to 

M   o  o   O  1^ 


10  (O  lOvO  vO 

r^  1^00  o\  «o 


o  o 


10        OS 


00  On  On  CO  «  »0  fO 
fO  »0  fO  to  fO  •«*•  t^ 

5 

0000000 

w  tooo  w  -^  t^oo 
0   0  0   0  0  «  »0 

0000000 


o  o 


o  o 


10 

o 

10 

o 
o 


O   to  t^ 

•^  to  »o 

•  •  • 

000 


o  o  « 

•  •  • 

000 


a; 
•O 

•c 

ui  d  **  "^ 

H  3 


a  X  -g  5  o  -n  J2 

a;  4;  S  C  C  t32 
hC  hC  U  PQ  PQ  ^  O 


.J..,..«  * 


752  Walter  D.  Bonner 

Equations  tor  the  Binodal  Curve 

The  first  attempt  to  set  up  an  algebraical  equation  for 
a  binodal  ctu^e  was  made  by  Tuchschmidt  and  FoUenius,* 
who  found  that  values  of  x  calculated  from  the  expression 

c 
xy  =  s  — 


x  +  b 


(where  y  gives  the  number  of  cc  of  carbon  bisulphide  which 
will  dissolve  in  10  cc  of  a  spirit  containing  x  percent  alcohol 
by  weight)  agreed  "beinahe  vollstandig'*  with  the  results 
of  their  experiments. 

Pfeiffer*  "expected  to  be  able  to  express  the  equilibrium 
by  the  formula 

(a  —  x)(a  —  y)z  =  (w  —  z)xy 

but  the  calculations  were  far  from  agreeing  with  the  experi- 
ments." 

Beginning  in  1894*  Bancroft  published  a  series  of  papers 
on  "Ternary  Mixtures/'  He  foimd  that  in  a  number  of 
cases,  including  those  investigated  by  himself  and  the  alloys 
of  Wright/  the  etudes  were  represented  by  the  formula 

xy**  =  const., 

where  x  and  y  are  the  amounts  of  the  two  immiscible  liquids 
to  a  definite  amount  of  consolute.  In  most  cases,  however, 
two  equations  with  different  constants  were  necessary  to 
express  the  whole  curve.  It  was  thought  that  the  corre- 
sponding logarithmic  lines  might  cross  at  the  plait  point, 
but  this  is  shown  not  to  be  the  case  by  WaddelPs  experi- 
ments* on  the  system  benzene-water-acetic  acid  and  by  my 
own    measurements.     Lincoln,*  in    repeating    Waddell's  ex- 


*  Ueber  die  Loslichkeit  des  CS,  in  Alcohol.     Ber.  chem.  Ges.  Berlin, 

4,  583  (1871). 

*  Ueber    Losungen    von    begrenzter   Mischbarkeit.     Zeit.    phys.    chem., 
9,  444  (1892);  see  page  470  of  his  paper. 

*  Phys.  Review,  3,  21  (1895),  etc. 

*  See  Bancroft's  fourth  paper,  Jour.  Phys.  Chem.,  3,  217  (1899). 

*  Jour.  Phys.  Chem.,  2,  233  (1898). 

*  Ibid.,  8,  248  (1904). 
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periments,  found,  contrary  to  that  author,  two  straight  lines; 
but  the  point  of  intersection  does  not  correspond  with  the 
plait  point  given  in  Waddell's  paper.  Furthermore,  in  a 
number  of  the  systems  investigated  by  BelU  the  lines  plotted 
in  logarithmic  coordinates  are  distinctly  curved,  a  fact  that 
is  true  also  in  a  number  of  my  own  results. 

I  have  calculated  the  logarithmic  coordinates  for  the 

TV 

present  measurements,  taking    log  -   as  ordinates  and  log 

I  —  W 

as  abscissa,  where  w  represents  the  weight  of  water 

and  a  the  weight  of  consolute,  to  a  total  of  one  gram  of  water 
plus  third  liquid.  The  results  are  given  under  the  various 
systems  in  Table  V.  The  following  list  indicates  the  form 
of  the  corresponding  graphs,  the  numbers  referring  to  the 
System  No.  given  in  Table  Vr 

Straight  lines  (between  the  limits  of  w  given  in  the  last  col. 
of  Table  IV)  Nos.  i,  3,  9,  11,  12,  14,  22,  25,  29,  32,  35,  36, 

38,  39,  40,  41,  43i  44. 

Concave  upwards.     Nos.  4,  8,  13,  19,  23,  28,  33,  39,  50. 

Convex  upwards.  Nos.  2,  5,  6,  7,  10,  15,  16,  17,  18,  20, 
26,  27,  28,  31,  37,  42. 

Irregular.     Nos.  24,  34,  45,  46,  47,  48. 

In  all  cases  where  the  logarithmic  curve,  or  part  of  it, 
is  straight,  I  have  calculated,  from  the  graphs,  the  two  con- 
stants for  the  equation  to  the  line,  which  for  convenience 
has  been  written 

log  ^  =  — />  log   ^  ~^    +  log  r (A). 

The  values  of  p  and  log  y,  calculated  in  this  way,  are 
given  in  the  fifth  and  sixth  columns  in  Table  IV,  the  last 
column  in  the  table  showing  the  range  of  the  values  of  w 
over  which  the  line  is  straight. 


»  Jour.  Phys.  Chem.,  9,  531  (1905). 
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The  following  considerations  will  give  a  clearer  idea  of 
the  signification  of  these  constants  in  the  corresponding 
binodal  curves. 

From  equation  (A) 

aP^^  =  y(ii-wy (B). 

For  the  condition  da/dw  =  o,  i,  e.,  for  maximum  a, 

I  — w 


p  = 


w 


p,  therefore,  gives  the  ratio  of  the  weight  of  immiscible  liquid 
to  water  at  the  maximum  point  in  the  binodal  curve. 

For  w  ^  0,5,  i.  €,,  for  the  nlixture  of  0.5  gram  water  to 
0.5  gram  immiscible  liquid,  equation  (B)  becomes 

r 

or 

(C) 


=  ef ) 


where  a  is  the  amount  of  consolute  necessary  to  make  a  half 
and  half  mixture  of  water  and  second  immiscible  liquid 
homogeneous. 

The  constants  have  been  calculated  in  this  way  for  all 
the  experiments  (including  those  for  which  the  logarithmic 
curve  is  not  straight)  and  are  given  in  the  third  and  fourth 
columns  of  Table  IV.  The  logarithmic  lines  plotted  by  the 
use  of  these  constants  will  correspond  only  approximately 
with  the  experiments,  but  will  necessarily  pass  through  the 
right  point  for  7£;  =  0.5.  Even  in  the  cases  where  the  loga- 
rithmic graphs  are  straight  the  slope  given  by  the  interpola- 
tion formula  may  be  slightly  inaccurate  owing  to  the  diflfi- 
culty  of  determining  exactly  the  maximum  point  of  the 
binodal  curve. 

Writing  equation  C  in  the  form 

;J^  =  log(o.5)— loga, 
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it  will  be  noted  that  the  left-hand  term  of  the  equation  in- 
creases with  decrease  of  a  and  vice  versa.  Since  log  y  varies 
in  the  different  systems  over  a  much  wider  range  than  p  +  i, 
which  with  two  exceptions  lies  between  1.3  and  2,  log  ^ 
itself  may  be  taken  as  a  rough  indication  of  the  variation  of 
a.  Since,  as  was  shown  above,  a  is  the  amount  of  consolute 
required  to  make  equal  quantities  of  the  two  immiscibles 
homogeneous  it  might  be  expected  that  log  y  would  be  small 
for  the  very  insoluble  pairs  and  vice  versa.  That  this  is  ap- 
proximately true  is  shown  by  the  following  list  in  which  the 
systems  are  arranged  in  ascending  order  of  log  y  (the  num- 
bers refer  to  the  System  Nos.  in  Table  IV) : 

Ascending  order  0}  logr:  Nos.  33,  31.  34.  5.  4i.  32. 
17,  40,  44.  20,  37,  29.  22.  38,  39,  8,  4,  49,  36.  16,  50,  19,  13, 
II.  18.  23,  15,  35,  6,  14,  9.  7,  28,  12,  43,  2,  10,  25.  3,  27,  42, 
26,  45,  47,  48,  1,  24,  46. 

It  will  be  noted  that  the  first  part  of  the  list  contains 
heptane,  hexane,  pinene.  brombenzene,  mesitylene,  etc., 
while  in  the  latter  part  there  are  isobutyl  alcohol,  ethyl  ace- 
tate, ether,  etc. 

Notes  on  Table  V 

Table  V  contains  the  data  from  the  various  measure- 
ments made.  In  all  the  experiments  water  was  one  of  the 
non-miscible  pair  and  so  has  been  omitted  in  the  headings, 
the  names  of  the  second  non-miscible  liquid  and  of  the  con- 
solute  liquid  being  used  to  designate  the  system.  The  col- 
umns headed  "water"  give  the  weight  of  water;  the  weight 
of  the  second  non-miscible  liquid  in  the  system,  and  hence 
the  abscissa  in  the  graphs,  may  be  found  by  subtracting  the 
amount  of  water  from  unity.  The  second  column  (headed 
carbinol,  alcohol,  propyl  alcohol  or  acetone)  gives  the  weight 
of  the  consolute  liquid  necessary  to  make  a  homogeneous 
solution,  I.  e..  the  ordinate  in  the  graphs.  These  two  num- 
bers fix  a  point  on  the  binodal  curve.  The  figures  in  the 
"density"  column  are  the  densities  of  the  homogeneous 
systems  as  determined  by  the  cathetometer.  For  the  con- 
venience of  any  who  may  desire  to  use  these  results,  interpo- 
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lations  of  the  even  decimals  have  been  made  and  inserted 
in  the  table;  these  interpolations  which  have  been  made 
from  the  plotted  curves  are  given  to  two  decimal  places  only, 
and  are  marked  by  an  asterisk.  The  plait  points  are  in- 
serted in  the  tables  in  their  proper  places,  and  are  indica- 
ted by  the  letters  P.  P.  The  two  sniall  columns  headed 
"water-water,"  which  appear  at  the  bottom  of  most  of  the 
tables  give  the  abscissa  of  the  two  ends  of  the  tie  lines.  The 
lower,  denser,  phase  is  always  given  in  the  first  column.  The 
tables  of  logarithmic  coordinates  are  referred  to  under  "  Equa- 
tions for  binodal  curve,"  p.  752. 

The  temperature  of  the  experiments  was  zero  centi- 
grade except  where  otherwise  stated. 

(4)  Near  the  plait  point  separation  was  very  slow;  no 
even  dividing  line  between  the  phases  could  be  obtained. 

Plait  point  between  water  o .  49  and  o .  56 : 

(5)  These  mixtures  do  not  become  cloudy  to  any  great 
extent.  Near  the  plait  point  the  two  phases  are  so  nearly 
the  same  in  appearance  that  without  the  lamp  black  it  was 
very  difiiciUt  to  see  the  dividing  line. 

{7)  Kahlbaum's    preparation,    freshly    distilled,    b.    p. 

78°. 

(9)  The  ethylene  chloride  was  dried  and  redistilled,  b. 
p.  83°-84°. 

(11)  The  ethyl  bromide  was  prepared  in  the  laboratory. 
It  was  dried  and  fractionated,  b.  p.   38°-39°. 

(13}  The  plait  point  seems  to  lie  between  the  points 
water  0.950  and  water  0.969,  but  though  repeated  attempts  1 
were  made  no  tie  lines  were  obtained. 

(14)  The  first  three  tie  lines  are  a  first  approximatitm  \ 
only,  but  the  radiation  from  the  origin  indicates  that  the 
bottom  layer  during  the  first  part  of  the  experiment  was 
practically  pure  propyl  bromide. 

(17)  The  brombenzene  was  prepared  by  students  in  1 
the  organic  laborator>'.  A  fraction  of  100  cc  boiling  at  154"  ' 
was  used  for  these  measurements. 

(19)  Separated  very  slowly  near  the  plait  point.      Did 
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not  separate  on  standing  twenty-four  hours.     Centrifuging 
was  of  no  help. 

Plait  point  between  water  c.  75  and  0.85: 
{21)  It  was  impossible  to  determine  the  end  point  ac- 
curately because  the  bromtoluene  phase  settles  to  the  bot- 
tom as  oily  drops  in  a  perfectly  clear  liquid,  and  the  end  could 
be  determined  only  by  the  disappearance  of  the  oily  drops. 
The  bromtoluene  was  freshly  distilled,  b.  p.  i82°-i83°. 

(24)  At  o",  10  grams  ethyl  acetate  dissolve  0.301  gram 
of  water.  Ten  grams  of  water  at  o"  dissolve  1.086  grams 
of  ethyl  acetate. 

(28)  Benzyl  ethyl  ether  forms  at  first  the  upper  layer. 
After  the  addition  of  a  little  alcohol  it  forms  the  bottom 
layer. 

(29)  The  first  two  tie  lines  given  are  first  approximation 
only. 

(30)  It  was  not  found  possible  to  carry  this  curve  beyond 
the  point  water  0.70.  From  this  point  on,  after  the  addi- 
tion of  a  small  amount  of  alcohol  the  mixture  no  longer 
separates  into  two  layers  but  remains  turbid  and  a  great  ex- 
cess of  alcohol  does  not  remove  this  turbidity. 

Plait  point  only  near  water  0,50: 

(31)  The  hexane  and  heptane  used  were  Kahlbaum's, 
"aus  Petroleum."  When  carbinol  is  used  as  the  consolute 
liquid  the  plait  points  lie  so  near  the  paraffine  end  of  the 
graphs  that  tie  line  measurements  are  impossible.  This 
means  that  the  tie  lines  radiate  from  the  origin  and  that 
hence  all  the  solutions  obtained  by  adding  carbinol  to  any 
mixture  whatever  of  hexane  or  heptane  and  water,  are  in 
equilibrium  with  practically  pure  hexane.  To  check  this 
conclusion  the  following  measurements  of  the  refractive 
index  were  made : 

(i)  Three  cc  of  hexane,  3  cc  of  carbinol,  and  one  drop 
water  were  shaken  well  together,  let  stand  to  separate  and 
the  top  layer  (about  2  cc)  was  then  transferred  to  the  cylinder 
of  the  refractometer  and  its  index  of  refraction  determined. 


760  Walter  D.  Bonner 

(2)  Five  cc  of  hexane,  7  cc  of  carbinol  and  4  drops  water, 
treated  as  before.  The  top  layer  was  approximately  3  cc. 
The  refractive  index  of  both  top  and  bottom  layers  was  de- 
termined.      Upper    layer  /x,^  =  1-3^343,   lower  layer  /x,^  = 

1-33935. 

(3)  Three  cc  of  hexane,  i  cc  of  water,  well  shaken  and 
separated  by  centrifuging,  upper  layer  /i,^  =  i. 38381. 

(4)  Three  cc.  of  hexane  and  an  excess  (about  2  drops) 
of    carbinol,    allowed    to    settle.     Used    the    clear    solution. 

/^i4  =  1-38334. 

The  refractometer  used  (Pulf rich's  *'Refractometer  fiir 
Chemiker")  gave  as  the  value  of  /x,^  for  distilled  water  at  14^ 
C  I  33295  as  against  1.33232  given  in  the  Landolt-Bom- 
stein  tables;  for  benzene  it  gave  1.50 139  as  against  i. 501 37 
in  the  tables;  pure  hexane  gave  i  .38382  and  carbinol  i  .33070, 
all  at  14**  C. 

(34)  Plait  point  is  about  water  0.02,  alcohol  0.38. 

(36)  Through  an  oversight  no  tie  line  measurements 
were  made : 

Plait  point  between  water  0.35  and  o .  50 : 

(37)  In  this  case  (as  also  in  the  cases  of  experiments 
numbered  4,  8,  28,  35,  39,  41,  43  and  49)  while  the  xylene 
is  at  first  the  upper  layer,  after  the  addition  of  a  small  amount 
of  alcohol,  the  xylene  layer  sinks  through  the  watery  layer 
and  becomes  the  lower.  This  gives  another  method  of  ob- 
taining approximately  the  tie  lines  in  these  mixtures.  Just 
before  the  point  at  which  the  '*top"  layer  becomes  the  **  bot- 
tom'* there  is  a  point  at  which  the  densities  of  the  two  are 
identical  and  the  density  of  either  is  the  density  of  the  total 
mixture.  Add  alcohol  until  the  **top"  layer  just  begins  to 
sink  into  the  ** bottom"  and  determine  the  density  of  the 
total  mixture  at  this  point.  The  tie  line  will  be  represented 
by  a  line  passing  through  the  point  which  gives  the  composi- 
tion of  the  system  and  cutting  the  binodal  curve  at  a  point 
on  either  side  which  has  the  density  of  the  given  system. 
The  last  tie  line  in  the  table  above  was  obtained  in  tbi«=  v  ?^^^ 
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The  composition  of  the  system  was  water  0.295,  alcohol 
0.740,  density  0.89. 

(38)  The  plait  point  lies  to  the  right  of  the  point  water 
o.oio. 

(43)  The  first  tie  line  is  a  first  approximation  only. 
Kahlbaum's  best  preparation,  fractionated  twice,  b.  p.  195°. 

(44)  The  sample  of  o-nitrotoluene  was  prepared  in  the 
laboratory,  b.  p.  223^-2 24°. 

(45)  B.  p.  199°. 

It  was  impossible  to  get  a  satisfactory  tie  line  measure- 
ment because  the  layers  would  not  separate  well  enough 
to  enable  one  to  read  the  volumes,  even  up  to  the  point  where 
one  drop  of  alcohol  made  the  mixture  homogeneous. 

The  plait  point  comes  between  o .  50  and  o .  60. 

(46)  Kahlbaum's    preparation,    slightly   discolored. 

Boiled  with  calcium  turnings  imder  reflux  and  fractionated. 
B.  p.  io7°-io9°.  The  solubility  of  water  in  isobutyl  alcohol 
at  zero  is  2.17  g  water  in  10  g  and  that  of  isobutyl  alcohol  in 
water  is  1.15  gin  log  water.  The  solubility  decreases  with 
rise  of  temperature. 

(47)  Kahlbaum's  preparation  free  from  pyridine.  Dried 
over  calcium  turnings  and  distilled.  B.  p.  130°.  The  sol- 
ubility in  water  at  zero  is  0.42  g  in  10  g  water  and  the 
solubility  of  water  in  isoamyl  alcohol  at  zero  is  0.81  g  in 
10  g  alcohol. 


^^^ 
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Table  V 
(i)  ether  alcohol  (2)  chloroform  alcohol 


Water 

Alcohol 

Density 

Water 

Alcohol 

Density 

0.041 

0.161 

0.78 

0.093 

0.434 

1. 19 

0.087 

0.224 

0.79 

*o.  10 

0.45 

1. 18 

*0. 10 

0.28 

0.80 

0.185 

0.587 

1.13 

0.186 

0.299 

0.82 

*0.20 

0.60 

I.  12 

*0 .  20 

0.305 

0.82 

*o.3o 

0.68 

1.07 

0.299 

0.354 

0.85 

0.317 

0.692 

1.06 

0.399 

0.376 

0.86 

0.407 

0.726 

1.04 

P.  P.  0.49 

0.38 

0.88 

0.499 

0.729 

1.03 

♦0.50 

0.39 

0.88 

p.  p.  0.58 

0.73 

■ 

0.586 

0.381 

0.90 

0.596 

0.733 

1. 01 

*o.6o 

0.38 

0.91 

0.689 

0.710 

0.99 

♦0.70 

0.37 

0.93 

♦0.70 

0.70 

0.99 

0.712 

0.365 

0.93 

0.803 

0.672 

0.98 

*o.8o 

0.34 

0.95 

♦0.90 

0.61 

0.98 

0.826 

0.331 

0.96 

0.912 

0.608 

0.98 

0.875 

0.238 

0.97 

*o.9o 

0.16 

0.97 

Tie-lines 

Tie 

-lines 

Water 

Water 

Water 

Water 

0.86 
0.81 

0.77 
0.68 

0.61 

0.02 
0. 12 
0.18 
0.30 
0.38 

0. 10 
0.22 

0.43 

0.97 
0.90 
0.72 

(i)  Logarithmic  coordinates 

(2)  Logarithmic  coordinates 

Water 

Log- 

_        X — w 
Log     ^ 

Water 

T                  ^ 

-        I — w 
Log      ^ 

0. 10 

1.638 

0.593 

0. 10 

1.347 

0.301 

0.20 

0.810 

0.412 

0.20 

0.523 

0.125 

0.30 

0.933 

0.301 

0.30 

0.645 

0.013 

0.40 

0.034 

0.210 

0.40 

0.742 

1. 918 

0.50 

0.108 

0.108 

0.50 

0.836 

1.836 

0.60 

0.198 

0.022 

0.60 

0.913 

I   737 

0.70 

0.277 

1.909 

0.70 

0.000 

1.632 

0.80 

0.372 

1.770 

0.80 

0.076 

1-474 

0.90 

0.750 

1.796 

0.90 

0.  169 

1. 215 

P.  P.     — 

0.565 

1.720 

P.P. 

1.900 

1.760 
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Table  V— 

(Continued) 

(3)  chloroform  carbinol 

(4)  chloroform  propyl  alcohol 

Water 

Carbinol 

Density 

Water 

Propyl 
alcohol 

Density 

0.021 

0. 161 

0.023 

0.304 

1.28 

*o.  10 

0.35 

1. 17 

0.074 

0.631 

I    13 

0.132 

0.400 

1. 16 

*o.  10 

0.76 

I.  II 

*0.20 

0.49 

1 .  12 

*0.20 

1.06 

1 .04 

P.  P.  0.27 

0.57 

0.240 

1. 128 

1.02 

0.276 

0.572 

1.09 

*o.3o 

1 .20 

1. 01 

*o.30 

0.60 

1.08 

0.346 

1.250 

1 .02 

0.368 

0.666 

1 .07 

*o.40 

1.30 

0.98 

♦0.40 

0.70 

I   05      1 

*o.50 

1-34 

0.97 

♦0.50 

0.77 

1 .02      1 

0.511 

I  340 

0.90 

0.519 

0.783 

1 .01 

0.606 

1.320 

0.98 

*o.6o 

0.83 

1 .00 

0.707 

I  235 

0.96 

0.628 

0.843 

0.99 

0.806 

0.996 

0.95 

♦0.70 

0.86 

0.98 

0.903 

0.672 

0.97 

*o.8o 

0.84 

0.97 

0.970 

0.390 

0.97 

0.822 

0.834 

0.97 

*o.90 

0.74 

0.96 

0.943 

0.622 

0.987 

0.267 

0.98 

Tie-lines 


Tie-lines 


Water 

Water 

1 

Water 

Water 

0.00 

0.70 

0. 10 

1 .00 

0.01 

0.58 

0.13 

1 .00 

0.03 

0.55 

0.24 

1 .00 

0.05 

0.51 

0.27 

1.00 

0. 11 

0.45 

— 

— 

(3)  Logarithmic  coordinates 


(4)  Logarithmic  coordinates 


Water 


o.  10 
0.20 
0.30 
0.40 

0.50 
0.60 
o.  70 
0.80 
0.90 
P.  P.     -- 


w 

Log  — 

a 


456 
611 
699 

757 

813 

859 
911 

979 
085 

676 


Log 


I — w 


0.410 
0.213 
0.067 

1-933 
1. 813 
1.683 

£543 

1377 
1. 131 

o.  107 


Water 


o.io 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 


Log- 


119 
276 

398 
488 

572 
656 

755 
908 

128 


Log 


I — w 


o 
i_ 
T 
T 
I 
T 
T 
T 
T 


073 
878 

766 

664 

572 
482 

387 
305 
174 


V^'Zfl 


764 


Walter  D,  Bonner 


Table  V — {Continued) 
(5)  chloroform  acetone  (6)  carbon  tetrachloride  carbinol 


Water             Acetone 

Density 

Water 

Carbinol 

Density 

0.012        0. 

501 

1. 18 

P.  P.  0.015 

0.215 

0.087        I. 

221 

1 .02 

0.026 

0.328 

1.30 

*O.IO            I. 

30 

1 .01 

*O.IO 

0.74 

1. 13 

0 . 208        I . 

633 

0.98 

0.156 

0.974 

1.06 

0.304        I 

750 

0.96 

*0.20 

1 .10 

1.04 

0.344        I 

742 

0.96 

0.235 

1.208 

1.03 

*o . 40          I 

77 

0.95 

♦0.30 

1 .40 

1 .00 

0.481        I 

738 

0.94 

0.316 

1.403 

0.99 

*o .  50         I 

.72 

0.94 

*o.40 

1.68 

0.97 

p.  p.  0.58       I 

65 

0.490 

1.700 

0.95 

0.592     I 

630 

0.93 

*o.5o 

1. 71 

0.95 

*o . 60         I 

63 

0.93 

*o.6o 

1.77 

0.93 

*o .  70         I 

■53 

0.94 

0.702 

1.825 

0.93 

0.737     I 

483 

0.95 

*o.8o 

1.88 

0.92 

0.800      I 

321 

0.95 

0.852 

1.890 

0.92 

0.900      I 

.144 

0.97 

*o.90 

1.90 

0.92 

0 . 982      0 

.464 

0.98 

0.951 

1.870 

0.91 

0.974 

1.045 

0.93 

Tie-lines 


Tie-lines 


Water 

Water 

Water 

Water 

0.15 

0.99 

0.000 

O.IIO 

0.17 

0.98 

0.005 

0.035 

0.18 

0.97 

0.19 

0.96 

0.20 

0.96 

0.21 

0.95 

0.22 

0.93 

0.25 

0.91 

0.30 

0.85 

0.51 

0.66 

(5)  Logarithmic  coordinates 


(6)  Logarithmic  coordinates 


Water 


Log 


w 
a 


Log 


w 


P.  P. 


o.  10 
0.20 

0.30 

0.40 

0.50 

0.60 
0.70 
0.80 
0.90 


1. 131 

260 

331 

403 

466 

530 

583 

630 

675 

2 

.844 

0.085 

£.862 

1-699 
1.580 

£.466 

1.354 
£.215 

£.027 
2.721 
0.661 
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Table  V — {Continued) 

(7)  carbon  tetrachloride  alcohol       (8)  carbon  tetrachloride  propyl 

alcohol 


Water 

Alcohol 

Density 

Water 

Propyl 
alcohol 

Density 

0.039 

0.224 

1.36 

0.025 

0.317 

I-3I 

0.072 

0.347 

1.23 

0.069 

0.536 

1. 17 

P.  P.  0.08 

0.39 

*o.  10 

0.65 

1. 14 

*o.  10 

0.45 

1.20 

0.200 

0.949 

1.07 

0.156 

0.598 

1 .  16 

0.270 

1 .070 

1.03 

*0.20 

0.67 

1.15 

*0.30 

I  .  12 

1 .02 

0.238 

0.746 

1. 10 

0.40 

1.20 

0.99 

♦0.30 

0.82 

1.07       ' 

0.414 

1.208 

0.99 

0.361 

0.891 

I   05       1 

0.501 

1.234 

0.98 

♦0.040 

0.94 

1.03 

0.600 

I.  195 

0.97 

0.501 

1 .040 

1 .00 

♦0.70 

I. 13 

0.96 

0.518 

1 .046 

0.97 

0.710 

I. 119 

0.96 

*o.6o 

1. 00 

0.97 

P.P.  0.75 

I  .06 

♦0.70 

I .  II 

0.96 

0.806 

0.912 

0.96 

0.750 

1. 105 

0.95 

♦0.90 

0.68 

0.96 

*o.8o 

1 .  10 

0.94 

0.911 

0.645 

0.96 

0.887 

1. 104 

0.95 

0.987 

0.354 

0.96 

♦0.90 

1. 00 

0.92 

0.945 

0.850 

0.91 

0.955 

0.838 

0.92 

0.968 

0.745 

i     0.93 

Tie-lines 


Tie-lines 


Water 


Water 


O.OI 

0.30 

0.02 

0.22 

0.03 

0. 16 

0.05 

0.13 

Water 


0.21 

0.47 
0.56 

0.52 


0.99 
1 .00 

0.99 
0.90 


(7)  Logarithmic  coordinates 


(8)  Logarithmic  coordinates 


P.  P.    — 
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Table  V — (Continued) 
(9)  ethylene  chloride  alcohol       (10)  ethylidene  chloride  alcohol 


Water 

Alcohol 

Density 

Water 

Alcohol 

Density 

0.029 

0. 191 

1.15 

0.015 

0.226 

1. 10 

0.050 

0.266 

1 .12 

*0. 10 

0.43 

1.03 

*O.IO 

0.42 

1.08 

0.109 

0.436 

1 .02 

P.  P.  0.12 

0.46 

1               0.195 

0.586 

1 .01 

0.208 

0.670 

1. 01 

♦0.30 

0.69 

0.98 

0.290 

0.789 

0.98 

0.316 

0.705 

1. 00 

*o.30 

0.80 

0.98 

P.P.  0.33 

0.72 

♦0.40 

0.93 

0.96 

*o.4o 

0.77 

0.96 

0.486 

0.983 

0.95 

0423 

0.770 

0.96 

*o.50 

0.99 

0.95 

*o.50 

0.82 

0.95 

0.580 

1 .000 

0.95 

0.563 

0.857 

0.94 

*o.6o 

1 .01 

0.94 

0.667 

0.87 

0.94 

♦0.70 

0.99 

0.94 

*o .  70 

0.88 

0  93 

0.790 

0.958 

0.94 

0.765 

0.864 

0.93 

*o.8o 

0.95 

0.94 

*o.8o 

0.86 

0.93 

0.905 

0.842 

0.96 

*o.90 

0.79 

0.94 

0.980 

0.514 

0.97 

0.910 

0.774 

0.94 

0.970 

0.576 

0.95 

Tie-lines 


Tie-lines 


Water 

Water 

Water 

1 

Water 

0.00 

0.48 

!          0.00 

0.79 

O.OI 

0.36 

0.01 

0.77 

0.03 

0.22 

0.03 

0.70 

0.  II 

0.61 

\ 

0.20 

0.47 

(9)  Logarithmic  coordinates 


(10)  Logarithmic  coordinates 


Water 


o.  10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
P.  P.     — 


w    i 

Log  ^ 

377 

475 

574 

634 

703 

774 

850 

925 

0 

029 

0 

.416 
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Table  V — {Continued) 
(11)  ethyl  bromide  carbinol  (12)  ethyl  bromide  alcohol 


Water 

Carbinol 

Density 

Water 

Alcohol 

Density 

0.027 

0.202 

1.27 

0.033 

0.240 

1.23 

P.  P.  0.05 

0.33 

♦o.io 

0.37 

115 

0.064 

0.393 

1. 18 

P.  P.  0.17 

0.45 

*o.  10 

0.54 

1. 14 

0.189 

0.493 

1 .09 

0.194 

0.868 

1.08 

*0.20 

0.51 

1.09 

*0.20 

0.86 

1.05 

♦0.30 

0.64 

1.06 

0.291 

1.023 

1 .01 

0.365 

0.720 

1.04 

*o.30 

1.04 

1. 01 

*o.40 

0.754 

1.03 

0.398 

1. 180 

1 .00 

0.476 

0.807 

1. 01 

♦0.40 

1. 18 

0.99 

*o.50 

0.83 

1 .00 

0.498 

I   250 

0.97 

*o.6o 

0.89 

0.99 

♦0.50 

1 .26 

0.97 

0.657 

0.900 

0.98 

0.600 

1. 310 

0.96 

♦0.70 

0.89 

0.97 

*o.7o 

1 .29 

0.95 

*o.8o 

0.83 

0.96 

0.750 

1.270 

0.95 

0.837 

0.797 

0.96 

*o.8o 

1 .21 

0.94 

♦0.90 

0.73 

0.97 

0.816 

1. 100 

0.95 

0.948 

0.623 

0.98 

♦0.90 

0.94 

0.94 

0.983 

0. 182 

0.99 

0.919 

0.870 

0.94 

0.978 

0   194 

0.98 

Tie-lines 

Tie-lines 

Water 

Water 

1 

Water 

Water 

0.00 

O.OI 

0.02 
0.02 

1 
0.21 
0. 14 

0.  II            i 
0.08 

0.00 

O.OI 

0.06 

0.63 
0.46 
0.27 

(11)  Logarithm: 

ic  coordinates 

(12)  Logarithm 

ic  coordinates 

Water 

Log    ^ 

I — w 
Log     ^ 

Water 

Log^ 

Log     ^ 

0. 10 

T.268 

0.222 

O.IO 

1.432 

0.386 

0.20 

367 

1.969 

0.20 

593 

0.196 

0.30 

.460 

1.828 

0.30 

671 

0.039 

0.40 

530 

1.706 

0.40 

727 

1.903 

0.50 

599 

1-599 

0.50 

780 

1.780 

0.60 

.661 

1-485 

0.60 

829 

1-653 

0.70 

•735 

1.367 

0.70 

896 

1-527 

0.80 

.820 

1. 218 

0.80 

984 

1.382 

0.90         I 

.981 

0.027 

0.90 

0 

.091 

I -137 

P.P.    — 

I. 

181 

0.459    1 

P.P.    — 

I. 

577 

0.266 

768 
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Table  V — (Continued) 


(13)  ethyl  bromide  propyl  alcohol 


(14)  propyl  bromide  alcohol 


0.039 
0.088 
*o.  10 

*0.20 

0.215 

*o.3o 

0.334 
*o.40 

0.413 
0.509 

0.584 
*o.6o 

0.694 
*o.7o 

0.80 

0.860 
*o.9o 

0.977 


0.367 
0.615 

0.64 

0.85 

0.800 

1. 00 

1 .061 

1 .09 

1 .092 

1. 124 

1. 115 

1 .  10 

0.998 

0.90 

0.81 

0.671 

0.56 

0.227 


1 .21 
I .  II 
1. 10 
1.05 
I  05 
1 .02 
1.03 

1 .00 

1 .01 
0.98 
0.96 

0.97 
0.97 

0.96 

0.96 

0.96 

0.97 

0.99 


Water 


Alcohol       Density 


O 

P.  o 

*o 

o 
*o 

o 
*o 

o 
*o 

o 

o 
*o 

o 
*o 

o 
*o 

o 

o 

o 


025 
08 

10 

107 

20 

231 

30 

328 

40 

432 
496 

50 

563 
60 

695 
70 

796 
904 

973 


o.  190 

0.42 

0.50 

0.508 

0.72 

0.700 

0.88 

0.920 
.01 

.181 

.096 
.  10 

•  134 

•  15 

.  140 

•  14 

.  120 
.020 

0.687 


1 .26 

I  .12 
I  .  12 
1.06 
I  .04 
I  .02 
I  .01 
0.99 
I  .00 
0.98 
0.98 
0.96 
0.96 

0.95 

0.95 

0.94 
0.94 

0.95 


Tie-lines 


Water 


Water 


0.00 
0.00 
0.00 
0.00 
o.oi 
0.02 
0.03 
0.04 


0.96 
0.80 

0.53 

034 
0.27 

0.21 

o.  16 

o.  14 


(13)  Logarithmic  codrdinates  (14)  Logarithmic  coordinates 


Water 


o.  10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 


Log  —      Log 

a  a 


194 
372 

477 
565 
650 

737 
850 

995 
200 


o 


148 

974 

845 

741 
650 

561 
482 

393 
252 


Water 


P.P. 


Log 


w 
a 


Log 


■w 


0. 10   I 

301 

0.255 

0.20   I 

444 

0.046 

0.30   I 

533 

1 .901 

0 .  40   I 

598 

1-774 

0.50  1  I 

658 

T.658 

0.60   I 

718 

I  541 

0.70   I 

788 

1.420 

0.80   I 

854 

1.252 

0.90   I. 

946 

2.991 

.280 

0.341 
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Table  V — {Continued) 
(15)  isobutyl  bromide  alcohol  (16)  isoamyl  bromide  alcohol 


Water 

Alcohol 

Density 

Water             Alcohol 

1 

ll 

1 
Density 

0.024 

0.200 

1. 18 

!              0.025 

0.251 

1. 10 

P.  P.  0.07 

0.42 

1   P.  P.  0.04 

0 

•36 

i 

*o.  10 

0.52 

1.09 

'              0.189 

0 

.636 

1 .01 

0. 124       0.607 

1.06 

*o .  10 

0 

.68 

i      1. 01 

*o .  20        0 .  83 

1. 01 

*o . 20         I 

.09 

0.96 

0.218 

0.887 

1. 00 

1             0.223       I 

.178 

0.97 

0.293 

039 

0.98 

*o.30         I 

•37 

0.94 

*o.3o 

.05 

0.98 

0.324       I 

•432 

0.93 

0.386 

.194 

0.96 

*o . 40         I 

■57 

0.93 

*o .  40 

.21 

0.96 

0.414     I 

■594 

0.93 

0.499 

300 

0.94 

0.502       I 

.676 

0.91 

0.598 

•359 

0.93 

0.583  1   I 

■744 

0.91 

*o.6o 

•35 

0.93 

*o .  60 

I 

■75 

0.91 

0.696 

.356 

0.93 

1            0.692 

I 

■747 

♦0.70 

•36 

0.93 

*o.7o 

I 

.75 

0.91 

*o.8o 

•32 

0.92 

*o.8o 

I 

71 

0.91 

0 .  804 

.316 

0.92 

0.809  1    I 

713 

0.91 

0.896 

J 

.215 

0.93 

0.895 

I 

463 

0.92 

*o.9o 

.20 

0.93 

♦0.90         I 

46 

0.92 

0.953 

0.937 

0.94 

0.978       I 

027 

0.93 

1 

'ie-lines 

^ater 

Tie-li 

nes 

Water 

W 

Water 

Water 

0.00 

0 

.51 

0.00 

0 

•43 

0.00 

0 

•24 

O.OI 

0 

.  II 

0.03 

0 

.13 
dinates 

0.02 

0 

.06 

(15)  Logarithmic  coor 

(16)  Logari 

thmic  C061 

in 

rditiates 

w 

1 

I — w 

I  —  w 

Water 

Log  ^ 

Log     ^ 
0.238 

Water              Log  — 

Log      ^ 

0. 10 

T 

.284 

1 

0. 10 

T.168 

0.122 

0.20 

I 

.382 

984 

0.20 

I  . 

264 

T.866 

0.30         I 

456 

824 

0.30 

I. 

340 

1.708 

0 .  40         I 

519 

695 

0.40 

I  . 

406 

1.582 

0.50         I 

586     j 

586 

0.50      I. 

476 

1.476 

0.60         I 

.648 

472 

0 .  60        I . 

535 

I  359 

0 .  70         I 

.712 

344 

0.70 

I  . 

602 

I  234 

0.80         I 

■783 

180 

0 .  80        I . 

670 

1.068 

0.90         2 

.875 

2 

920 

0.90  1   I 

790 

2.836 

P.  P. 

I 

.222 

0 

•545 

p.p.  - 

I 

049 

0.426 

770 
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Table  V — (Continued) 
(17)  brombenzene  carbinol  (18)  brombenzene  alcohol 


Water 

Carbinol 

Density 

Water 

Alcohol 

Density 

0.009 

0.230 

O.OIO 

0.II5 

1-34 

0.015 

0.314 

1.24 

P.  P.  0.04 

0.32 

P.  P.  0.02 

0.40 

*o.  10 

0.65 

1.07 

0.031 

0.453 

1 .16 

0.109 

0.641 

1.09 

*O.IO 

1. 01 

1 .04 

0.195 

0.988 

0.96 

0.127 

1. 170 

I.OI 

*0.20 

1. 00 

0.96 

0.198 

1.491 

0.98 

♦0.30 

1. 19 

0.96 

*0.20 

1.50 

0.98 

0.354 

1.240 

0.97 

0.237 

I  •751 

0.96 

*o.40 

1.30 

0.98 

♦0.30 

1.84 

0.95 

0.414 

1.326 

0.98 

0.357 

1.932 

0.93 

0.498 

1.385 

0.400 

2.065 

0.94 

♦0.50 

I  39 

0.95 

*o.50 

2.24 

0.91 

0.593 

1.420 

0.91 

0.551 

2.290 

0.90 

*o.6o 

I  43 

0.91 

*o.6o 

2.30 

0.90 

0.695 

1-434 

0.90 

0.633 

2.295 

0.90 

*o.70 

I  43 

0.92 

*o.7o 

2.28 

0.89 

*o.8o 

1.36 

0.93 

*o.8o 

2.20 

0.89 

0.840 

I  305 

0.92 

0.812 

2.185 

0.91 

♦0.90 

1. 16 

0.93 

0.905 

1.927 

0.90 

0.903 

1. 150 

0.94 

0.984 

I   332 

0.91 

0.976 

0.803 

0.92 

Tie- 

lines 

Tie-lines 

Water 

Water 

Water 

Water 

0.00 

0.07 

0.00 
0.00 

O.OI 

0.02 

0.22 
0.16 
0.09 
0.06 

(17)  Logarithmic  coordinates  (18)  Logarithmic  coordinates 


Water 

Log  ^ 

_        I — w 

Log     ^ 

0. 10 

2.996 

i'.950 

0.20 

1. 125 

727 

0.30 

1. 212 

580 

0.40 

T.287 

463 

0.50 

1-349 

349 

0.60 

1 .416 

240 

0.70 

1.487 

119 

0.80 

1.560 

2 

958 

0.90 

1.669 

2 

714 

P.  P.     — 

2.699 

0 

389 

w 

I  — w 

Water 

Log  ^ 

^     a 

0. 10 

T.187 

O.I4I 

0.20 

I 

301 

903 

0.30 

I 

402 

770 

0.40 

I 

488 

.664 

0.50 

I 

556 

556 

0.60 

I 

623 

447 

0.70 

I 

690 

.322 

0.80 

I 

770 

.168 

0.90 

I. 

890 

2 

935 

P.P.     — 

I 

097 

0 

'477 
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Table  V — (Continued) 
(19)  brombenzene  propyl  alcohol         (20)  brombenzene  acetone 


Water 

Alcohol 

Density 

Water             Ac 

etone 

Density 

0.017 

0.186 

1.29 

i               0.023       0 

.685 

1. 12 

0.091 

0.560 

I. II 

*O.IO            I 

13 

1. 01 

*o.  10 

0.58 

I .  II 

!              0.107        I 

175 

1. 01 

*0.20 

0.87 

I  05 

*o . 20          I 

41 

0.98 

0.230 

0.936 

1.04 

0.236        I 

470 

1. 00 

*o .  30 

1.05 

1.02 

♦0.30          I 

52 

0.97 

0.358 

1. 1 10 

1. 01 

0.319        I 

535 

0.96 

*o.40 

I    15 

1. 00 

*o . 40         I 

57 

0.96 

*o.50 

1. 19 

0.97 

0 . 402       I 

570 

0.96 

0.512 

I    195 

0.97 

♦0.50         I 

60 

0.95 

0.573 

1.208 

0.97 

P.  P.  0.51         I 

60 

*o.6o 

1. 19 

0.96 

0.547       I 

600 

0.95 

♦0.70 

1.09 

0.95 

*o . 60         I 

59 

0.94 

0.708 

1. 071 

0.95 

*o .  70         I 

55 

0.93 

*o.8o 

0.93 

0.95 

0.715     I 

540 

0.94 

0.815 

0.899 

0.792       I 

454 

0.93 

*o.90 

0.71 

0.96 

*o.8o         I 

46 

0.93 

0.906 

0.687 

0.96 

0.874       I 

365 

0.93 

0.979 

0-457 

0.98 

♦0.90         I 

30 

0.93 

0 . 980      0 

849 

0.95 

Tie-lines 

Tie-lines 

Water 

Water 

Water 

Water 

0.35 

0.54 
0.51 

0.33 

1 .00 
1. 00 

0.99 
0.77 

O.II 

0.15 
0.29 
0.38 

0.94 
0.86 

0.73 
0.64 

(19)  Logarithmic  coordinates  (20)  Logarithmic  coordinates 


Water 


w  I — w 

Log-      Log-^ 


Water 


w 
Log- 


o.  10 
0.20 
0.30 
0.40 
0.50 
0.60 
o.  70 
0.80 
0.90 


o 


237 
362 

456 

541 

624 

703 
808 

935 
103 


o 


191 
964 
824 
718 
624 

527 
440 

333 
149 


o.  10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 


—     P.  P.  — 


2 

947 

I 
T 
T 

152 

295 
406 

— ' 

I 

495 

I 
T 

577 
655 

— 

I 
7 

739 
840 

2. 

I 

504 

I. 

Log 


w 


901 

754 
663 

582 

495 
400 

287 

137 
886 

486 
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Table  V— (Continued) 
(21)  bromtoluene  carbinol  (22)  bromtoluene  alcohol 


02  1  0 

33 

049  1  0 

,522 

I 

»7 

I 

146 1  I 

086 

I 

28 

0 

232 1  1 

352 

0 

30      I 

54 

0 

386    I 

700 

40    I 

71 

0 

50  1  1 

81 

0 

534   I 

8.S0 

0 

60    I 

8q 

0 

620   I 

900 

0 

70    I 

8q 

0 

785   I 

800 

0 

80    1 

78 

0 

900  1  I 

,S33 

0 

967  1  1 

307 

0 

o.  10 
0,07 


(22)  I/)ganthmic  coordinates 


20  '  I 

W4 

30  1  I 

290 

40  1  T 

3b9 

50  ;  I 

60  ,  1 

502 

70   I 

80  1  T 

653 

90  1  I 

770 

2 

—   .   2 

783 

0 

Experimental  Determination  of  Binodal  Curves,  Etc.    773 


Table  V — (Continuied) 
(23)  bromtoluene  propyl  alcohol  (24)  ethyl  acetate  alcohol 


Water 


Alcohol    I    Density 


0.032 

0.252 

1.23 

*o.  10 

0.52 

I. II 

0. 104 

0.529 

1 .  10 

0.188 

0.755 

1.04 

*0.20 

0.78 

1.03 

0.30 

0.96 

1. 01 

0.303 

0.955 

1. 01 

*o.4o 

1.07 

0.99 

0.407 

I  075 

0.99 

0.496 

1. 127 

0.98 

♦0.50 

I   13 

0.97 

0.560 

1 .  124 

0.96 

0.598 

I   139 

0.96 

*o.6o 

I   13 

0.96 

0.677 

I  075 

0.95 

*o.7o 

1.03 

0.95 

P.P.  0.75 

0:97 

0.797 

0.909 

0.94 

*o.8o 

0.90 

0.94 

*o.9o 

0.72 

0.95 

0.925 

0.660 

0.95 

0.987 

0.424 
le -lines 

0.96 

Water 


0.080 

*o.  10 
0.201 
0.203 
0.301 
0.396 

♦0.40 
0.50 
0.507 
P.  P.  0.52 

*o.6o 
0.611 
0.689 

*o.70 
0.803 
0.898 


Alcohol    '    Density 


0. 100 

0.13 

0.228 

0.222 

0.265 

0.290 

0.29 

0.30 

0.297 

0.30 

0.31 

0.310 

0.304 

0.31 

0.282 

0.143 


0.91 
0.91 

0.93 

0.93 
0.92 

0.95 
0.95 
0.95 
0.94 

0.96 
0.96 
0.96 
0.96 
0.97 

0.99 


Tie-lines 


Water 

Water 

Water 

Water 

0. 19 

0.33 

0.43 
0.52 

0.99 
0.99 
0.99 
0.92 

0.88 
0.86 
0.78 

0.73 

0.05 
0.15 
0.20 
0.30 

(23)  Logarithmic  coordinates        (24)  Logarithmic  coordinates 


Water 


o.  10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
P.P.    — 


o 
T 


w 

I  — w 

►g  — 

Log 

Water 

a 

a 

284 

0.238 

0. 10 

409 

0 

Oil 

0.20 

495 

863 

0.30 

573 

749 

0.40 

646 

646 

0.50 

725 

549 

0.60 

832 

464 

0.70 

949 

347 

0.80 

097 

143 

0.90 

888 

411 

P.P.     — 

w 
Log- 


Log 


w 


1.886 

0.840 

I  943 

0.545 

0.054' 

0.422 

0. 140 

0.316 

0.222 

0.222 

0.287 

0.  no 

0.354 

1.986 

0.456 

1.854 

0.799 

1.845 

0.239 

0.204 
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Table  V — (Continued) 
(25)  benzyl  acetate  alcohol  (26)  ethyl  propionate  alcohol 


Water 

Alcohol 

Density 

Water 

Alcohol 

Density 

0.023 

0.120 

1.05 

0.023 

0.138 

0.90 

0.099 

0.317 

I  03 

0.085 

0.257 

0.91 

0.197 

0.459 

0.97 

*O.IO 

0.27 

0.90 

*0.20 

0.46 

0.99 

0.102 

0.373 

0.90 

♦0.30 

0.58 

0.97 

*0.20 

0.38 

0.90 

0.38 

0.601 

0.96 

0.305 

0.453 

0.92 

P.  P.  0.32 

0.60 

*o.40 

0.49 

0.91 

♦0.40 

0.69 

0.95 

0.494 

0.520 

0.92 

0.415 

0.705 

0.95 

*o.50 

0.52 

0.92 

0.489 

0.770 

0.95 

P.  P.  0.54 

0.53 

♦0.50 

0.78 

0.94 

0.602 

0.532 

0.93 

0.593 

0.841 

0.94 

0.698 

0.547 

0.94 

*o.6o 

0.85 

0.94 

*o .  70 

0.55 

0.94 

0.700 

0.880 

0.93 

0.799 

0.517 

0.95 

0.781 

0.883 

*o.90 

0.46 

0.96 

*o.8o 

0.88 

0.93 

0.914 

0.443 

0.97 

0.888 

0.818 

0.94 

*o.90 

0.80 

0.94 

0.959 

0.665 

0.95 

Tie-lines 

Tie-lines 

Water 

Water 

Water 

Water 

0.00 

0.93 

0.95 

0.02 

0.03 

0.73 

0.92 

0.13 

0.  II 

0.58 

0.86 

0. 14 

0  17 

0.47 

0.83 
0.76 

0.24 
0.34 

0.67 

0.41 

(25)  Logarithmic  coordinates  (26)  Logarithmic  coordinates 


o.  10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
P.P.    — 


I 

T 
T 
T 
T 
T 
T 
T 
o 
I 


499 
638 

714 
763 
807 

849 
901 

959 

051 

727 


0 

453 

0 
0 

.240 
082 

I 
I 
T 

939 
807 

673 

I 
T 

533 
356 

I 

097 

0. 

054    j 

Water 


0. 10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
P.P.     — 


1-569 
£.721 

£.824 

£.912 

T.983 
0.054 

0.105 

o.  190 

0.291 

0.008 


o 
o 
o 
o 
I 
T 
I 
I 
I 
I 


523 

323 
192 

088 

983 
878 

737 
587 
337 
939 
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Table  V — (CorUintied) 
(27)  ethyl  butyrate  alcohol         (28)  benzyl  ethyl  ether  alcohol 


Water 

Alcohol 

Density 

Water 

Alcohol 

Density 

0.030 

0.166 

0.90 

0.029 

0.189 

0.94 

0.097 

0.314 

0.90 

*O.IO 

0.37 

0.92 

*o.  10 

0.32 

0.108 

0.381 

0.92 

0.200 

0.483 

0.88 

O.191 

0.528 

0.92 

0.300 

0.567 

0.89 

*0.20 

0.54 

0.92 

0.401 

0.628 

0.90 

0.274 

0.648 

0.92 

0.506 

0.659 

0.91 

*o .  30 

0.67 

0.91 

P.P.  0.54 

0.67 

P.  P.  0.33 

0.71 

0.598 

0.684 

0.92 

♦0.40 

0.78 

0.91 

*o.6o 

0.69 

0.92 

0.410 

0.790 

0.91 

0.703 

0.693 

0.93 

0.494 

0.874 

0.807 

0.684 

0.94 

*o.50 

0.87 

0.91 

♦0.90 

0.63 

0.94 

0.594 

0.930 

0.92 

0.910 

0.603 

0.95 

*o .  60 

0.93 

0.92 

*o.7o 

0.96 

0.92 

0.711 

0.960 

0.92 

0.802 

0.952 

0.92 

*o.9o 

0.86 

0.93 

0.920 

0.793 

0.94 

Tie -lines 


Tie-lines 


Water 


0.73 
0.70 

0.52 


(27)  Logarithmic  coordinates  (28)  Logarithmic  coordinates 


P.P.    — 


0. 10 

I  495 

0.449 

0.20 

1. 617 

0.219 

0.30 

I   723 

0.091 

0.40 

1.804 

T.980 

0.50 

1.880 

1.880 

0.60 

0.939 

I   763 

0.70 

0.004 

1.636 

0.80 

0.008 

1-475 

0.90 

0155 

1 .201 

1.906 

1.837 

o.  10 
0.20 

0.30 

0.40 

0.50 

0.60 
0.70 
0.80 
0.90 

p.  P.  — 


1-432 

569 

651 
710 

759 
810 

__  863 
1.924 

0.020 
1.667 


Log 


I — w 
a 


0.386 
0. 171 
0.019 
1.886 

1  759 

1-634 

1-495 
£.322 

1.065 
1-975 


776 


Walter  D.  Bonner 


»  *    .• 


Table  V — (Continued) 
(29)  isoamyl  ether  alcohol  (30)  diethyl  ketone  alcohol 


Water 

Alcohol 

Density 

Water 

Alcohol 

Density 

0.042 

0.368 

0.81 

0 .  062 

0.136 

0.85 

*o.  10 

0.70 

0.82 

*O.IO 

0.19 

0.85 

P.  P.  oil 

0.74 

0.105 

0.201 

0.86 

0. 121 

0.793 

0.82 

1             *o . 20 

0.31 

X3.87 

*0.20 

1 .20 

0.83 

0.219 

0.317 

0.87 

0.233 

1.324 

0.83 

0.298 

0.356 

0.88 

0.298 

1-573 

0.83     , 

0.400 

0.392 

0.89 

0.406 

1.876 

0.84 

0.453 

0.410 

0.90 

♦0.50 

1.98 

0.84 

0.501 

O.411 

0.91 

0.590 

2.188 

0.85 

0.542 

0.415 

0.92 

*o.6o 

2. 19 

0.85 

0.593 

0.404 

0.91 

0.698 

2.240 

0.86 

*o.8o 

2.14 

0.87 

0.819 

2. 102 

0.88 

I 

♦0.90 

1.87 

0.89 

!            — 

0.914 

1.792 

0.89 

— 

Tie 

!-lines 

(30)  Logari 

thmic  C061 

1 

Log  ^ 

rdinates 

Water 

Water 

Water 

-        I — w 

Log     ^ 

0.72 

< 

3. 00 

0. 10 

T.72I 

0.675 

0.50 

( 

3. 00 

0.20 

I.  810 

0.412 

0.28 

'           < 

3. 00 

0.30 

I.  92  I 

0.289 

0.24 

( 

D.OI 

0.40 

0.008 

0.185 

0.21 

i 

3.  02 

0.50 

0.085 

0.085 

0. 19 

< 

3.03 

0.60 

\        0.167 

0.004 

(29)  Logarit 

hmic  coor 
w 

dinates 

;            I  — Iff 



Water 

Log  „ 
T.174 

Log      ^ 
0. 129 

ji 

0. 10 

0.20 

.222 

1.824 

0.30 

.281 

1.649 

1 

0.40 

•330 

£.506 

0.50 

.402 

1 .402 

j 

0.60 

•438 

1 .  262 

0.70 

1 

•495 

1 .  127 

! 

• 

0.80 

•573 

2.971 

i 

* 

0.90 

.682 

2.728 

■ 

• 

P.  P. 

M. 

.172 

!    0 . 080 

1 
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Table  V — (Continued) 


(31)  hexane  carbinol 

(32)  hexane  alcohol 

Water 

Carbinol 
4.280 

Density 

Water 

1 

Alcohol 

Density 

0.067 

P.  P.  0.03 

0.59 

*o.  10 

4.69 

0.80 

0.035 

0.64 

0.75 

0. 160 

5.090 

0.80 

*o.  10 

1.30 

0.77 

*0.20 

5   26 

0.80 

0  134 

1 .64 

0.79 

0.309 

5   710 

0.82 

0.173 

1.899 

0.79 

♦0.40 

6. 17 

0.81 

*0.20 

2.04 

0.79 

0.414 

6.240 

0.82 

0.272 

2.415 

0.81 

0.509 

6.365 

0.83 

*o .  30 

2-45 

0.81 

*o.6o 

6.33 

0.83 

0.389 

2.712 

0.82 

0.652 

6.241 

0.83 

*o .  40 

2.73 

0.82 

0.670 

6.222 

*o.50 

2.93 

0.83 

*o.7o 

6.13 

0.84 

0.525 

2.960 

0.83 

0.80 

5-49 

0.85 

0.575 

3.000 

0.83 

0.830 

5012 

0.85 

*o.6o 

300 

0.83 

*o.90 

4.01 

0.86 

0 .  702 

2.918 

0.83 

0.905 

3.912 

0.87 

*o.8o 

2.75 

0.85 

0.984 

1-759 

0.91 

0.815 
0.895 

2.720 
2.278 

0.86 

(31)  Logarithmic  cooi 

rdinates 

0.86 

■ 

—  -     — 



,            *o.9o 

2.23 

0.86 

Water 

Log  — 
2.329 

I — w 
Log      „ 

0.986 

1.056 

Tie 

-lines 

0.  10 

1.283 

Water 

Water 

0.20 

2.580 

I   .   182 

0.30 

2.720 

T.O88 

0.  II 

< 

3. 00 

0.40 

2.812 

2  .  988 

0.07 

( 

D.OO 

0.50 

2.896 

2.896 

0.05 

< 

D.OI 

0.60 

2.977 

2.801 

1 

0.70 

£.058 

2 . 690      • 

0.80 

1. 164 

2.551 

0.90 

1. 351 

2.397 
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ABL 

B  V- 

{ConHnued) 

(32)  IvOgarithmic  coordinates 

(34)  heptane  alcohol 

Water 

Logf 

Log^ 

Water 

Alcohol 

Density 

O.IO 

1.886 

Y  840 

0.038 

0.704 

0.79 

c 

.20 

2 

991 

594 

*o 

10 

I 

44 

0 

80 

c 

30 

T 

088 

456 

0 

iiS 

I 

685 

0 

80 

c 

.40 

T 

166 

34^ 

0 

202 

2 

375 

0 

82 

c 

50 

T 

232 

232 

*o 

30 

2 

82 

0 

81 

1: 

.60 

T 

30  r 

"5 

0 

341 

2 

940 

0 

82 

[ 

.70 

I 

383 

015 

0 

388 

3 

015 

0 

82 

c 

.80 

I 

464 

862 

*o 

40 

3 

06 

0 

82 

c 

■90 

T 

606 

2 

652 

♦0 

50 

3 

16 

0 

83 

p.p.  — 

2 

706 

0 

216 

0 

545 
60 
70 
725 
804 
907 

3 

168 

83 

84 
85 

(33)  h* 

ptanecar 

tiinol 

*o 

0 
0 

3 
3 
3 

2 

17 
10 
080 
960 

305 

0 
0 

WHter 

Carbinol 

Deasity 

85 
87 

88 

0  — 
*o 

10 
126 

4  -" 

5 
5 

70 
55 
93 

0-80 

(34)  IvOgarithraic  coordinates 

0 

0 

80 

0 

207 

6 

36 

0 

82 

Water 

LogV 

Log— - 

*o 

30 
321 

7 
7 

30 

46 

0 

82 
82 

0 

400 

8 

82 

0 

10 

2 

B42 

795 

*o 

50 

8 

76 

0 

.82 

0 

20 

a 

926 

528 

0 

520 

8 

80 

83 

0 

30 

027 

395 

*o 

60 

8 

65 

0 

83 

0 

40 

116 

293 

0 

672 

8 

05 

0 

83 

0 

50 

199 

199 

*o 

70 

7 

78 

0 

83 

0 

60 

277 

101 

0 

802 

6 

71 

0 

84 

0 

70 

354- 

986 

♦0 

90 

4 

40 

87 

0 

80 

432 

830 

0 

962 

96 

0,9. 

0  90 

I  593 

2  b^S 

(33)  Logarithmic  coordinates 

Water 

log  5 

LogL^ 

O.IO 

2.256 

T.aio 

0 

20 

2 

497 

100 

0 

30 

614 

982 

0 

40 

687 

863 

SO 

757 

757 

0 

60 

841 

665 

0 

70 

954 

586 

0 

80 

076 

474 

0 

90 

3" 

357 
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Table  V — (Coniimied) 
(35)  benzene  alcohol  (temp.  15°)  (36)  toluene  alcohol 


Water 


0.013 
0.063 
P.  P.  0.10 
0.183 

*0.20 
0.298 


Alcohol 


Density 


'^0.30 
*0.40 

0.409 
*0.50 

0.517 
*o.6o 

0.614 

0.681 
♦0.70 

0.799 

0.898 
♦0.90 

0.980 


o.  170 

0.356 
0.50 
0.708 
0.86 

0.917 
0.91 

1 .07 

1 .080 


18 

188 

22 

200 

210 

21 

130 
0.972 

0.97 
0.590 


0.86 
0.87 
0.86 
0.85 
0.86 
0.88 
0.88 
0.87 
0.87 
0.87 
0.88 
0.88 
0.88 
0.89 
0.89 
0.89 
0.92 
0.92 
0.94 


Water 


0.052 
0.083 
*o.io 
0.121 
*o.2o 
♦0.30 

0.351 
*o.40 

♦0.50 

0.530 
*o.6o 
♦0.70 

0.759 
*o.8o 

0.837 

*o.9o 

0.930 

0.972 


Alcohol 


O 
O 
o 
o 
o 


388 

538 

61 
705 

95 
21 

323 

41 

53 

551 

59 

56 

494 

44 
380 

23 
148 

817 


Density 


0.87 
0.86 
0.86 
0.86 
0.86 
0.86 
0.86 
0.86 
0.87 
0.87 
0.87 
0.88 
0.89 
0.89 
0.89 
0.91 
0.92 
0.94 


Tie-lines 


Water 


0.04 


Water 


0.18 


(35)  Logarithmic  coordinates 


(36)  Logarithmic  codtdinates 


Water 


o.  10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 


Log-^ 


•215 

.323 

.394 

.453 

•514 

•577 
.652 

.745 
.864 


Log 


I — w 
a 


0. 169 

£.925 
£.762 

£.629 

1.514 
£.401 

1.284 

1.143 
2.910 


1 
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Table  V— (CoM/mii«rf) 
{37)  o-xyfcne  alcohol  {38)  m-xykne  alcohol 


Water        |   Alcohol 

Density 

0.029 1    0-352 

0.89 

04  1  0 

S,1 

— 

*o 

10    1    0 

93 

0.87      ' 

0 

laq 

o7,S 

0 

»7 

0 

214 

320 

0 

«7 

•0 

30 

S.l 

0 

87 

0 

112 

■ibo 

0 

86 

*o 

40 

72 

0 

87 

0 

484 

«4,S 

0 

87 

•0 

SO 

»7 

0 

87 

*b 

60 

96 

0 

88 

0 

628 

QSS 

0 

88 

*o 

70 

94 

0 

88 

0 

792 

813 

0 

89 

*o 

Uo 

81 

0 

80 

0 

qoo 

640 

0 

90 

0 

969 

190 

0 

9.1 

T 

ie-1 

nes 

Water 

Wa 

0.00 

0. 

0.00 

0. 

0.00 

0. 

0.00 

0. 

0.00 

0. 

0.02 

0. 

0 

033 

0.388 

0 

0 

098  1    0.800 

0 

*o 

10        0.81 

0 

0 

163 

0 

*o 

20 

1.30 

0 

0 

289 

I  590 

0 

*o 

30 

1. 61 

0 

*o 

40    1     I . 77 

0 

0 

408 

1-775 

0 

*o 

so 

1.90 

0 

0 

588 

1,965 

0 

*o 

60 

1.98 

0 

*o 

70 

2. 01 

0 

0 

724 

2.000 

0. 

0 

79S 

1.870 

0 

*0 

80 

1,87 

0 

0 

8q8 

".530 

0 

•0 

90 

1.530 

0 

0 

977 

I.  168 

0. 

(38)  Logarithmic  coor 

dina 

(37)  Logarithmic  coordinates 


Water 

-.T 

O.IO 

T 

ow 

T  9S6    li 

0 

20 

180 

7«1 

0 

30 

292 

660 

0 

40 

.It.? 

54.1    !' 

0 

SO 

427 

427    li 

0 

60 

486 

310  : 

0 

70 

557 

189 

0 

80 

645 

043 

0 

90 

7,W 

2 

785  il 

P.  P. 

S78 

0 

054  11 

10            I 

092 

30            I 

l«7 

30            I 

271 

40            I 

354 

50            I 

420 

60            I 

482 

80            I 

631 

90            1 

770 

2 

046 

789 
639 
530 

420 

305 
174 

029 

815 
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Table  Y-^iCorUinttei) 
(39)  /^-xylene  alcohol  (temp.  15*^)  (40)  mesitylene  alcohol 


Water 

Alcohol 

0.034 

0.306 

0.074 

0. 

531 

P.  P.  0.08 

0. 

57 

*o.  10 

0. 

65 

0.121 

0. 

760 

*0.20 

05 

0.2II 

092 

0.286 

310 

*o.3o 

35 

♦0.40 

56 

♦0.50 

68 

<^.524 

730 

*o.6o 

■77 

0.622 

783 

0.702 

.743 

0.807 

625 

♦0.90 

39 

0.912 

348 

0.985 

0 

.863 

Density 


0.84 
0.85 

0.85 
0.86 
0.85 
0.85 
0.85 
0.85 
0.85 
0.86 
0.86 
0.86 
0.86 
0.87 
0.88 
0.89 
0.89 

0.93 


Tie-lines 


Water 


0.00 
0.01 
0.02 
0.04 


Water 


0.26 
o.  19 
o.  16 
o.  14 


(39)  Logarithmic  coordinates 


Water 


w 
Log^ 


Log 


•w 


P.  P.     — 


0. 10       I 

.187 

0 

.141 

0.20       I 

.280 

.881 

0.30      I 

•347 

715 

0.40      I 

.409 

585 

0.50      I 

•474 

474 

0.60      I 

530 

354 

0.70       I 

605 

237 

0.80     I 

694 

•w 

092 

0.90      I 

811 

2. 

857 

1              ^    ■ 

147 

0. 

208    i 

Water 


P.  P.  0.03 
0.037 
0.090 
*o.  10 
0.164 

*0.20 

0.298 
♦0.30 
*o.40 
0.429 
♦0.50 
*o.6o 
♦0.70 
0.714 
0.801 
0.890 
*o.90 
0.949 


Alcohol 


0.48 
0.516 
0.981 
1.09 

1.473 
1.66 

2.030 

2.04 

2.32 

2.365 
2.52 

2.64 

2.68 

2.670 

2.490 

2.325 
2.28 

I  615 


Density 


0.86 
0.86 
0.85 

0.85 
0.84 
0.85 
0.85 

0.85 
0.85 
0.85 
0.86 
0.87 
0.87 
0.87 
0.89 
0.89 
0.90 


Tie -lines 


Water 


0.00 
0.00 
0.00 


Water 


015 
o.io 

0.08 


(40)  Logarithmic  coordinates 


Water 


Log 


w 


P.P. 


0. 10 

2. 

0.20 

0.30 

— ' 

0.40 

0.50 

0.60 

— ' 

0.70 
0.80 

— ' 

0.90 

2. 

963 
081 

168 
237 

298 

357 
417 
507 
596 
796 


Log 


•w 


£.917 

1.683 

1-536 

i.413 
£.298 

£.181 

1.049 

2.905 

2.642 

0.306 
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Table  V — {Continued) 
(41)  pinene  alcohol  (42)  benzaldehyde  alcohol 


Water 


o.oio 
P.  P.  0.015 
0.055 
0.103 
0.205 


"o .  30 

0.317 

0.395 
•^0.40 

0.507 
0.607 

0.707 

0.806 

0.906 

0.965 


Alcohol 


0.268 

0.47 
1 .061 

1.595 
2.268 

2.67 

2.704 

2.924 

2.94 

3   135 
3.126 

3  038 

2.799 

2.331 
I  639 


Density 


Water 


Alcohol        Density 


0.87 

0.85 
0.85 
0.84 
0.84 
0.85 
0.84 

0.85 
0.85 
0.86 
0.86 
0.87 
0.89 
0.91 


0.043 
o.  102 

*0.20 
0.2II 
0.295 

*o.3o 
0.402 
P.  P.  0.43 

0.504 
0.606 

0.702 
*o.8o 

0.817 

0.898 
*o.90 

0.969 


0.159 
o .  283 

0.42 

0.441 

0.520 
0.55 

0.601 
0.61 

0.643 
0.681 

0.701 
0.67 

0.675 
0.615 

0.61 
0.461 


1 .02 
1 .01 

0.99 

0.99 
0.98 

0.98 
0.97 

0.96 

0.95 
0.95 
0.95 
0.95 

0.96 
0.96 

0.97 


Tie-lines 

Tie-lines 

Water 

Water 

Water 

Water 

0.00 

0.06 

0.04 

0.98 

0.00 

0.05 

0.09 

0.96 

0.00 

0.04 

0. 10 

0.82 

0.00 

0.03 

0.15 

0.76 

O.OI 

0.02 

0.26 

0.63 

0.31 

0.57 

(41)  Logarithmic  coordinates  (42)  Logarithmic  coordinates 


Water 


Log 


w 


P.  P.     — 


0. 10 

2 

799 

0.20 

2 

945 

0.30 

Y 

051 

0.40 

134 

0.50 

203 

0.60 

283 

0.70 

362 

0.80 

456 

0.90 

587 

2 

504 

Log 


I 'W\ 


Water 


T  ^ 

Log  — 
a 


Log 


■w 


I   547 

i.419 
£.310 

£.203 

1 .  107 

2.994 

2.854 

2.633 

0.321 


P.  P.    — 


0. 10 

548 

0.502 

0.20 

648 

0.250 

0.30 

737 

0.105 

0.40 

823 

1.999 

0.50 

893 

1.893 

0.60 

946 

1.770 

0.70 

999 

1. 631 

0.80 

0 

077 

1-475 

0.90 

0 

169 

I. 215 

I 

.848 

I   971 
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Table  V — (Continued) 
(43)  methyl  aniline  alcohol  (44)  />-nitrotoluene  alcohol 


Water 


Alcohol 


0.041 
*o.  10 
o.  Ill 
0.205 
*o.30 

0.331 
P.  P.  0.34 

0.392 

*o.40 


0.498 
*o.50 

0.599 
*o.6o 

0.697 

*o.7o 

*o.8o 

0.813 

0.902 

0-959 


0.218 

0.37 
0.405 

0.555 
0.68 

0.721 

0.72 

0.756 

0.76 

0.835 
0.84 

0.892 

0.89 

0.901 

0.91 

0.87 

0.856 

0.734 
0.581 


Density 


Water 


0.96 

0.95 
0.95 
^93 
0.93 
0.93 

0.93 

0.93 

0.93 

0.93 

0.93 

0.93 

0.93 

o  93 

0.94 

o  94 

0.95 
0.96 


Alcohol 


Density 


0.022  I 
P.  P.  0.05 
0.090 
*o.  10 

*0.20 

0.235 
*o.30 

0.337 
♦0.40 

0.411 

0.494 
0.602 

0.706 

*o.8o 

0.809 

0.898 

*o.9o 


o 
o 
o 
o 


253 

50 

781 

84 

29 

40 

57 
649 

73 

767 

782 

868 

816 

63 
607 

395 
30 


0.944  I     I . 105 


1.08 

0.98 

0.97 
0.96 

0.93 
0.92 

0.92 

0.91 

0.91 

0.91 

0.91 

0.91 

0.91 

0.91 

0.92 

0.92 

0.93 


Tie -lines 


Tie -lines 


Water 

Water 

Water 

Water 

0.67 

0.00 

0.00 

0. 14 

0.59 

0.05 

0.02 

0. 10 

0.55 

0. 12 

0.03 

0.08 

0.51 

0. 16 

0.42 

0.23 

(43)  Logarithmic  coordinates  (44)  Logarithmic  coordinates 


Water 


Log 


w 
a 


Log 


■w 


o.  10 
0.20 

0.30 

0.40 

0.50 

0.60 
0.70 

0.80 

0.90 

p.p.  — 


o 
T 


432 
561 

645 
721 

775 
829 

886 

964 

091 

674 


o 
o 
o 


a 

w  aier 

386 

0.  10 

163 

0.20 

013 

0.30 

897 

0.40 

775 

0.50 

653 

0.60 

518 

0.70 

362 

0.80 

137 

0.90 

962 

P.  P. 

Log 


w 


Log 


w 


076 
190 
281 

364 

449 

509 

585 
691 

840 

000 


2 
o 


030 

793 
649 

540 

449 

333 
217 

089 

886 

279 


trT 
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Table  V — (Continued) 
(45)  o-toluidine  alcohol  (46)  isobutyl  alcohol  alcohol 


Water 

Alcohol 

Density 

Water 

Alcohol 

Density 

0.046 

0.025 

1. 01 

♦0.30 

0.13 

0.87 

*o.  10 

0.21 

0.93 

0.313 

0. 141 

0.87 

0.105 

0.219 

0.93 

0.411 

0.177 

0.89 

*0.20 

0.32 

0.97 

0.498 

0.194 

0.90 

0.222 

0.346 

0.97 

♦0.50 

0.20 

0.90 

0.298 

0.404 

0.96 

*o.6o 

0.20 

0.92 

*o.30 

0.41 

0.96 

0.613 

0.204 

0.92 

0.402 

0.455 

0.96 

P.  P.  0.65 

0.21 

♦0.50 

0.48 

0.96 

0.696 

0 .  205 

0.94 

0.546 

0.492 

0.95 

♦0.70 

0.21 

0.94 

0.580 

0.493 

0.95 

*o.8o 

0.20 

0.95 

*o.6o 

0.50 

0.96 

0.868 

0.189 

0.96 

0.698 

0.499 

0.96 

♦0.70 

0.50 

0.96 

1 

*o.8o 

0.49 

0.96 

0.810 

0.485 

0.96 

0.902 

0.462 

0.98 

0.973 

0.262 

Tie-lines 

Water 

Water 

0.87 
0.83 
0.81 
0.80 

0.28 
0.41 
0.46 
0.50 

(45)  Logarithmic  coordinates 

(46)  Logarithmic  coordinates 

w 

I — w 

w 

I  — w 

Water 

Log  ^ 

Log      ^ 

Water 

Log  ^ 

Log      ^ 

0. 10 

T.678 

0.632 

0.30 

0.363 

0.731 

0.20 

1.796 

0.398 

0.40 

0.372 

0.548 

0.30 

1.864 

0.232 

0.50 

0.398 

0.398 

0.40 

1.944 

0. 120 

0.60 

0.477 

0.301 

0.50 

0.018 

0.018 

0.70 

0.533 

0.165 

0.60 

0.079 

1.903 

0.80 

0.602 

0.000 

0.70 

0. 146 

1.778 

0.868 

0.662 

1.844 

0.80 

0.213 

1. 611 

P.  P. 

0.491 

0.222 

0.90 

0.291 

1-337    1 
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Table  V — (Continued) 
(47)  isoamyl  alcohol  alcohol  (48)  benzyl  alcohol  alcohol 


Water 

Alcohol 

Density 

Water 

Alcohol 

Density 

0.097 

0. 116 

0.84 

*0. 10 

0.13 

1.03 

*o.  10 

0. 12 

0.84 

0.130 

0.153 

1.02 

0.203 

0.258 

0.85 

*0.20 

0.26 

1 .00 

0.306 

0.396 

0.86 

0.209 

0.268 

1. 00 

0.398 

0.427 

0.88 

0.295 

0.347 

0.98 

0.503 

0.449 

0.89 

♦0.30 

0.35 

0.98 

0.601 

0.453 

0.90 

♦0.40 

0.39 

0.98 

0.706 

0.434 

0.92 

0.422 

0.392 

0.98 

P.P.  0.73 

0.43 

♦0.50 

0.40 

0.97 

0.804 

O.411 

0.94 

0.512 

0.403 

0.97 

0.900 

0.369 

0.96 

*o .  60 

0.41 

0.97 

p.  p.  0.62 

0.42 

0.621 

0.417 

0.98 

*o.7o 

0.41 

0.97 

0.712 

0.404 

0.97 

0 .  806 

0.388 

0.97 

0.898 

0.352 

0.97 

*o.90 

0.35 

0.98 

0.960 

0.139 

0.99 

Tie -lines 


Tie-lines 


Water 

Water 

Water 

Water 

0.95 

0. 10 

0.33 

0.92 

0.94 

0.31 

0.41 

0.83 

0.92 

0.40 

■ 

0.87 

0.53 

0.83 

0.63 

(47)  Logarithmic  coordinates  (48)  Logarithmic  coordinates 


Water 


Log 


w 


a 


o.  10 
o.  20 

0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
P.  p.      — 


I  .921 
T.89I 
I  .921 
T.972 
0.047 
O.  122 

o.  209 

0.290 
0.387 
0.230 


Log 


w 


Water 


0.875 

0.493 
0.288 

0. 148 

0.047 

£.946 

£.841 

1.688 

i-433 
1.798 


Log 


w 


o.  10 
0.20 

0.30 

0.40 

0.50 

0.60 
0.70 

0.80 

0.90 

p.  p.  — 


T.886 
£.880 

I  933 

O.OII 

0.097 
0.165 
0.232 
0.312 
0.410 
o.  169 


Log 


w 


o 
o 


840 
488 

0.301 
0.187 

0.097 

T.989 
£.864 

£.710 

1-456 

I -957 
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Table  V — (Continued) 
(49)  phenetol  alcohol        (50)  nitrobenzene  alcohol  (temp.  15°) 


Water 

Alcohol 

Density 

Water 

Alcohol 

Density 

0.018 

0.157 

0.96 

0.035 

0.248 

1.08 

P.  P.  o.io 

0.55 

P.  P.  0.09 

0.49 

0.103 

0.554 

0.93 

*o.  10 

0.53 

1.02 

0.202 

0.916 

0.90 

0. 109 

0.558 

1.02 

0.293 

1 .  170 

0.90 

*0.20 

0.86 

0.97 

♦0.30 

1. 18 

0.90 

0.214 

0.901 

0.97 

0.394 

1.380 

0.89 

*o.3o 

1 .09 

0.94 

♦0.40 

1-39 

0.89 

0.316 

1 .  112 

0.94 

0  505 

1. 518 

0.89 

0.406 

1.238 

0.93 

0.601 

1.560 

0.89 

0.494 

1.300 

0.92 

0.694 

1-545 

0.90 

*o.50 

I-3I 

0.92 

♦0.70 

1-54 

0.90 

*o.6o 

1-34 

0.92 

0.802 

1.449 

0.91 

0.636 

1-333 

0.92 

♦0.90 

1 .21 

0.92 

0.694 

1-305 

0.91 

0.918 

1. 156 

0.93 

*o.7o 

1.30 

0.91 

0.806 

1 .212 

0.92 

*o.9o 

0.98 

0.93 

0.909 

0.940 

0.93 

0.980 

0.601 

0.95 

Tie-lines 


Tie-lines 


Water 

Water 

Water 

Water 

0.00 

0.38 

0.00 

0.42 

0.01 

0.26 

0.00 

0.33 

0.04 

0.18 

O.OI 

0.24 

0.05 

0.17 

0.03 

0. 16 

0.06 

0.15 

0.05 

0. 14 

(49)  Logarithmic  coordinates  (50)  Logarithmic  coordinates 


P.  P. 


W 

I  —  w 

w 

I — w 

ater             L< 

^K   a 

Log      ^ 

Water              L( 

'^  a 

Log      ^ 

0. 10         T 

.260 

0.214 

0. 10         I 

276 

0.230 

0.20         I 

337 

1-939 

0.20         I 

367 

1.969 

0.30         I 

405 

1-773 

0.30         I 

440 

1.807 

0.40         I 

459 

1.636 

0.40         I 

512 

T.688 

0.50         I 

517 

1. 517 

0.50         I 

582 

1.582 

0.60         I 

585 

1.409 

0.60         I 

651 

1-475 

0.70         I 

658 

1 .290 

0.70         I 

731 

1-363 

0.80         I 

742 

1 .  140 

0.80          I 

820 

1. 218 

0.90         I 

871 

2.917 

0.90         I 

963 

1.009 

•                                                                   M. 

260 

2.214 

P.  P.                 T 

264 

0.269 
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Ternary  ssrstem. 
tone;  ether  and  water  with  alcohol 
and  carbinol;  ethyl  acetate  and  water 
with  alcohol,  carbinol  and  acetone; 
alcohol  and  water  with  the  following: 
carbon  bisulphid,  methyl  valerate, 
ethyl  valerate,  methyl  but3rrate,  ethyl 
but3rrate,  amyl  alcohol,  mono-,  di- 
and  trichloracetic  ester,  ethyl  iso- 
valerate,  isoamyl  acetate,  propyl 
butyrate,  ethyl  propionate,  propyl 
propionate,  propyl  acetate,  butyl  ace- 
tate, amyl  acetate,  propyl  formate, 
butyl  formate,  amyl  formate. 

Water,  benzene,  alcohol  (Binodal 
curve);  water,  benzene,  alcohol  (Tie-^ 
lines. 

Theory. 

Water,     sod.     chloride,     sucdnonitrile 

(Tie-liues  and  binodal  curve). 
Water,  ether,  hydrochl.  add  (exp.  data 

■ 

of  Draper  and  Schunke);  water, 
alcohol,  amm.  sulphate  (exp.  data  of 
Bodlander  and  Traube  and  Neu- 
berg). 
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Water,  phenol,  acetone  (Tie-lines). 
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Pot.  chloride,  acetone,  water;  water, 
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MATHEMATICAL    THEORY    OF    THE    CHANGES    OF 

CONCENTRATION  AT  THE  ELECTRODE, 

BROUGHT  ABOUT  BY  DIFFUSION 

AND  BY  CHEMICAL  REACTION 


BY   T.    R.    ROSEBRUGH   AND  W.    LASH   MILLER 

Owing  to  the  chemical  changes  which  accompany  elec- 
trolysis, the  composition  of  the  electrolyte  at  the  electrodes 
is  different  from  that  in  the  body  of  the  solution.  Diffusion 
currents  are  consequently  set  up  which  tend  to  remove  these 
differences;  and  if  convection  be  avoided,  the  concentration 
of  any  constituent  at  any  point  in  the  solution  will  depend 
only  on  the  initial  composition  of  the  solution,  and  on  the 
amounts  which  have  been  carried  to  or  from  the  electrodes 
by  diffusion  and  by  electrolytic  migration. 

In  the  simpler  cases,  at  all  events,  these  changes  of 
concentration  are  susceptible  of  mathematical  treatment; 
Weber ^  and  Sand'  have  considered  the  case  of  electrolysis 
with  constant  currents,  and  Warburg'  has  deduced  an  equation 
for  the  stationary  state  on  electrolysis  with  a  sinusoidal 
current  through  a  diffusion  layer  'of  'infinite"  length.  The 
present  paper  deals  with  the  whole  problem  in  a  systematic 
manner,  and  includes  the  discussion  of  electrolysis  with 
intermittent,  successive  and  sinusoidal  currents,  without 
restriction  as  to  the  duration  of  the  electrolysis  or  the  length 
of  the  column  of  liquid  through  which  the  diffusion  takes 
place.  The  increasing  application  of  the  oscillograph  to  the 
study  of  instantaneous  conditions  at  the  electrode  led  us  to 
pay  particular  attention  to  the  changes  which  occur  within 
the  first  fraction  of  a  second  after  throwing  on  the  current, 
while  Richards**  work  on  electrolysis  with  alternating  currents, 


*  Wied  Ann.,  7,  536  (1879). 

^  Phil.  Mag.,  [6]  i,  45  (1901);  Zeit.  phys.  Chem.,  35,  641  (1900). 
"  Wied.  Ann.,  67,  493  (1899). 

*  Trans.  Am.  Electrochem.  Soc.,  i,  221  (1902). 
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followed  by  the  interesting  experiments  of  LeBlanc'  and  of 
Reichinstein'  with  copper  electrodes  in  cyanide  solutions, 
induced  us  to  include  the  case  of  non-instantaneous  chemical 
reactions  between  the  primary  products  of  electrolysis  and 
the  other  constituents  of  the  solution. 

The  results  of  the  investigation,  however,  are  not  per- 
fectly general ;  for  in  leading  up  to  Eqs.  (mi)  and  {xiv)  it  has 
been  assumed  that  both  the  diffusion  constant  and  the  flow 
due  to  electrolytic  migration  are  independent  of  the  con- 
centration, and  that  the  rate  of  the  secondary  reaction  if 
any  occur  is  proportional  to  the  concentration  of  the  con- 
stituent whose  amount  at  the  electrode  is  directly  affected 
by  the  electrolysis — assumptions,  which,  in  many  cases,  are 
not  even  approximately  true.  To  treat  the  diffusion  constant  as 
a  function  of  the  concentration,  or  to  consider  reactions  whose 
rates  are  proportional  to  any  other  than  the  first  power  of 
the  concentration  under  consideration,  would  alter  the  whole 
nature  of  the  differential  equation  involved ;  the  restric- 
tions thus  imposed  have  been  disregarded  only  in  the  com- 
paratively simple,  though  important,  case  of  prolonged 
electrolysis  with  a  constant  current. 

To  fix  the  ideas,  electrolysis  may  be  supposed  to  take 
place  in  a  vessel  of  uniform  cross  section  (ig^cm'),  boimded 
at  the  ends  by  the  electrodes.  The  surface  of  each  electrode 
is  then  identical  in  area  and  form  with  the  cross  section  of 
the  electrolyte,  the  current  density  will  be  uniform  throughout, 
and  the  concentrations  will  be  constant  over  each  section 
of  the  solution  taken  parallel  to  the  electrodes.  The  results 
of  the  argument  are,  however,  equally  applicable  to  the  case 
of  electrolysis  with  a  rotating  cylindrical  electrode  in  a  uni- 
form field;  in  such  cases,  as  shown  by  the  experiments  of 
Noyes  and  Whitney  on  rates  of  solution,'  the  electrode  may 
be  regarded  as  surrounded  by  an  adherent  layer  of  solution 
of  uniform  thickness  through  which  diffusion  takes  place;* 


'  Ztil    phys.  Cliem.,  46,  113  (190J);  Zeil.  Elekwochemie,  i 
'  Zeit.  Eleklrochemie,  15,  734  (1909). 

•  Zeit.  phys.  Chem.,  J3,  689  (1897). 

•  Ibid.,  47.  SI  (1904)- 


,  70s  {1905). 
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with  electrodes  of  ordinary  dimensions  this  film  has  been 
found  to  be  so  thin'  that  the  difference  between  the  areas 
of  its  outer  and  inner  surfaces  may  be  neglected. 

The  direction  normal  to  the  surface  of  the  electrodes 
is  taken  as  the  axis  of  a: ;  it  is  assumed  that  at  some  fixed  point 
on  this  axis  the  composition  of  the  electrolyte  (or  at  least  the 
concentration  z  of  the  constituent  under  discussion)  remains 
unaltered  throughout  the  experiment,  and  this  point  is  taken 
as  the  origin,  x  =  o,  from  which  the  values  of  x  are  reckoned. 
The  "solution  condition,"  then,  adopted  throughout  this  paper 
is  that  at  X  =  o,  z  =  z^  for  all  values  of  /,  or 

[Forx  =  o]  bz/bl  =  o  (t). 

In  Weber's  experiments,  where  solutions  of  zinc  sulphate 
were  electrolyzed  for  long  periods  of  time  between  stationary 
zinc  electrodes,  such  a  point  of  constant  concentration  evi- 
dently lies  midway  between  the  two  electrodes;  in  experi- 
ments with  a  rotating  electrode  it  will  lie  on  the  outer  surface 
of  the  adherent  hquid  film,  no  matter  how  long  the  electrolysis 
proceeds  if  constituents  removed  at  the  cathode  are  replaced 
at  the  anode  and  vice  versa,  for  some  time  at  all  events  if 
the  amount  of  electrolyte  in  the  cell  is  large  compared  with  J 
that  destroyed  per  minute  by  the  electrolysis. 

The  position  of  one  of  the  electrodes  is  defined  by  x  =  If 
the  other  electrode  is  left  out  of  consideration  altogether, 
for  as  long  as  there  is  a  section  of  the  electrolyte  where  the  ] 
concentration  of  one  of  the  constituents  remains  unaltered, 
changes  in  the  concentration  of  that  constituent  at  one  of  ' 
the   electrodes   cannnot   affect   conditions   at    the   other.     It 
is  true  that  some  new  substance,  for  instance  acid  formed  J 
at  the  anode,  might  on  reaching  the  cathode  affect  the  dif- 
fusion constants  or  the  electrolytic  migration  of  the  others  there;  | 
such   cases,    however,   are  excluded   from  consideration   for  J 
other  reasons  (see  pg.  820). 

The  distance  in  centimeters  between  the  electrode  under  I 
consideration  and  the  section  of  fixed  concentration  is  thu&'l 


'  ^il.  phys.  Chem.,  47,  56  (1904). 
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denoted  by  /.  Weber  took  the  surface  of  one  of  his  electrodes 
as  origin  and  denoted  tlie  distance  to  the  other  by  L;  his  L 
is  thus  twice/;  with  rotating  electrodes,  however,  or  stirred 
electrolytes,  /  is  evidently  quite  independent  of  the  distance 
between  the  electrodes. 

At  the  moment  of  throwing  on  the  current,  the  solution 
is  supposed  to  be  uniform  throughout  the  vessel;  thus  the 
"initial  condition"  adopted  in  all  the  deductions  of  this  paper 
is,  that  at  (  =  o,  2  =  Zj,  for  all  values  of  x  or 

[For  I  =  o]  hz/hx  =  o  (ji)- 

When  the  current  is  thrown  on,  diffusion  and  migration  begin. 
Diffusion  and  Migration.— The:  rate  of  diffusion  of  any 
constituent  away  from  one  of  the  electrodes  (i.  e.,  the  number 
of  equivalents  of  that  substance  per  second  which  is  carried 
by  diffusion  across  each  square  centimeter  of  the  cross  section 
of  the  vessel)  may  be  different  at  different  points  of  the  diffu- 
sion layer.  At  any  point  *,  however,  it  is  proportional  to  the 
concentration  gradient  at  that  point  in  the  line  connecting  the 
electrodes;  that  is,  to  the  difference  of  concentration  per 
centimeter  in  the  direction  of  the  x  axis,  or 

Rate  of  diffusion  from  eUctrode  =  ki^/ix    -        -        -     (Fick). 

where  2  is  the  concentration  of  the  constituent  in  question, 
expressed  in  equivalents  per  cubic  centimeter;  if  hz/dx  be 
negative,  diffusion  will  occur  towards  the  electrode. 

The  rate  of  electrolytic  migration  of  the  same  constituent, 
or  the  number  of  equivalents  per  second  carried  across  each 
square  centimeter  of  the  cross  section  of  the  vessel  by  the  cur- 
rent jy^  amperes,  is  given  by  the  expression 


where  u  is  the  mobility  of  the  constituent  in  question  and 
2  its  concentration;  Szu  indicates  the  sum  of  the  products 
of  the  mobilities  of  the  various  ions  each  into  its  own  con- 
centration.    The   sign   of  this  expression    (the   direction    in 
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which  the  migration  takes  place)  evidently  depends  on  the 
direction  of  the  electric  current,  and  on  whether  the  con- 
stituent to  which  z  refers  acts  as  anion  or  cation ;  it  is  negative 
if  the  motion  is  toward  the  electrode. 

Excluding  for  the  present  the  possibility  of  secondary 
reactions  in  which  the  products  of  electrolysis  take  part, 
these  two  factors  determine  the  total  rate  of  flow,  which 
accordingly  is  given  by 

Rate  of  flow  from  electrode  ='  k  ^ — | — .  ^^ — , 

^x        96540  @/     Sztt 

and  the  rate  of  accumulation,  hz/bt,  at  any  point  x  is  de- 
termined by  the  difference  between  the  rates  of  flow  to  and 
from  that  point : 

^  —  k—  -\-  —  (        ^         g^  \ 
d/  ~"      dx'       dx  \  96540  @/  '  Sztt/ ' 

In  some  cases  the  second  term  on  the  right  vanishes  or 
may  be  neglected,  leaving 

bz/bt  =  kVzl'bx\  (ill) 

This  occurs,  for  instance,  (a)  ii  u  =0,  i,  e.,  if  the  constituent 
in  question  is  a  non-electrolyte;  (6)  if  zu/^zu  is  small,  as 
when  z  refers  to  the  concentration  of  copper  in  a  solution 
of  copper  sulphate  containing  excess  of  sulphuric  acid;  (c) 
if  the  solution  contains  only  one  salt  (in  which  case  zu/Jlzu 
becomes  Hittorf's  "transport  number *')  whose  transport 
number  is  not  affected  by  change  in  concentration;  (d) 
if  the  solution  contains  several  salts  with  a  common  ion 
(the  '* constituent"  under  consideration)  and  if  the  ions  of 
the  opposite  sign  all  have  the  same  mobility;  when  the  case  is 
analogous  to  (c).  Throughout  Parts  I  and  II  of  the  present 
paper,  (Hi)  is  assumed  to  hold. 

Electrode  condition. — Let  G  represent  the  number  of 
equivalents  per  second  of  the  constituent  under  consideration 
caused  to  appear  in  the  solution  at  each  square  centimeter  of 
the  surface  of  the  electrode  by  the  action  of  the  current 


Mathematical  Theory  of  the  Changes  oj  Concentration     821 
G  will  usually  be  related  to  ,^  by  an  expression  of  the  form 


^_ 


96540  &^  ^ 

ill  which  the  first  tenn  on  the  right  measures  the  amount 
formed  by  chemical  changes  (oxidation,  reduction,  solution 
of  the  electrode, etc.),  and  the  second  term  the  amount  brought 
up  to  (but,  naturally,  not  past)  the  electrode  surface  by 
migration.  At  the  anode  in  a  solution  of  copper  sulphate 
with  excess  of  sulphuric  acid,  for  instance,  the  first  term  would 
be  positive  and  the  second  term  zero  if  the  "constituent  under 
consideration  ■ ' — to  which  s  refers^were  copper;  if  it  were  sul- 
phuric acid,  the  first  term  would  be  zero  and  the  second  posi- 
tive; in  either  case,  if  the  electrode  were  a  cathode,  G  would 
be  negative. 

Thfe  effect  of  the  electrolysis  on  the  concentration  of 
this  constituent  in  the  solution  is  the  same  as  though  it  were 
being  carried  into  the  solution  through  the  surface  of  the 
electrode    by    the   concentration    gradient 

[For  X  =  /]  dz/dx  =  Gfk  {iv) 

which  would  produce  the  same  gain  that  is  actually  brought 
about  by  the  electrolysis.  Eq.  H'v)  is  therefore  introduced 
as  the  "electrode  condition"  corresponding  to  the  current 
0  amperes.  In  the  first  Section  of  this  paper,  "Constant 
Current,"  G  will  be  treated  as  independent  of  /;  under  "Suc- 
cessive Currents"  it  will  be  supposed  to  change  abruptly  at 
definite  moments;  while  under  "Sinusoidal  Currents"  it  will 
be  treated  as  a  continuous  function  of  the  time.  In  the  first 
Part  of  the  paper  it  will  be  assumed  that  for  a  given  value 
,^,  of  the  current ,  G  is  not  afl^ected  by  the  composition  of  the 
solution  at  the  electrode;  in  the  second  Part,  account  will 
be  taken  of  the  fact  that  the  nature  of  the  chemical  action 
at  the  electrode  may  change  abruptly  when  the  concentration 
reaches  a  certain  value;  Part  III  admits  the  possibility  of 
secondary  reactions  at  the  electrode. 


•"'K 
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The  mathematical  problem  then  is,  to  find  a  solution 
for  the  differential  equation  {in)  which  will  satisfy  the  **  bound- 
ary conditions"  (i),  {ii)  and  {iv).  In  the  case  of  linear  and 
homogeneous  equations,  like  (m),  where  the  only  coeflScient 
&  is  a  constant,  there  is  no  difficulty  in  finding  particular 
solutions;  from  these,  general  solutions  can  be  built  up  by 
multiplying  each  particular  solution  by  an  arbitrary  constant 
and  taking  the  sum.  With  such  general  solutions,  however, 
in  which  the  constants  have  arbitrary  values,  **ist  so  gut 
wie  nichts  gewonnen/'^  The  main  point  is  to  find  values  for 
these  multipliers  such  that  the  boundary  conditions  may  be 
satisfied;  and  no  general  rules  have  as  yet  been  laid  down 
for  finding  them.  Eq.  (m),  however,  has  been  made  the 
subject  of  detailed  study  by  Fourier  and  others  in  connection 
with  the  theory  of  the  flow  of  heat,^  and  Weber'  has  shown 
how  the  boundary  conditions  of  the  present  problem  may 
be  introduced;  an  equation  corresponding  to  (15)  of  the 
present  paper  has  already  been  obtained  by  him. 

PART  I 

REACTIONS    AT    THE    ELECTRODE    INDEPENDENT    OF   THE 
CONCENTRATION  z,     SECONDARY  REACTIONS  EXCLUDED 

Sec.  1. — Constant  Current 

One  particular  solution  of  (m)  is 

z  =  Cx-\-  D 
and  another  is 

z  =  {A  sin  Ex  -\-  B  cos  Ex)e^^^^  . 


*  Riemann,  Die  Partiellen  Different ial-Gleichungen  der  math.  Physik, 
4th  Ed.,  Vol.  i,  pg.  153  (1900). 

*  In  his  "Introduction  to  the  Theory  of  Fourier's  Series  and  Integrals, 
and  the  Mathematical  Theory  of  the  Conduction  of  Heat"  (Macmillan,  1906). 
H.  S.  Carslaw  has  collected  a  large  number  of  cases  in  which  problems  analogous 
to  the  present  have  been  solved,  but  as  condition  (iv)  does  not  correspond  to 
any  easily  realizable  experimental  condition  except  in  the  case  of  electrolysis, 
no  problems  satisfying  that  condition  have  been  included;  in  the  case  of  a  heat 
problem,  condition  (iv)  would  correspond  to  a  fixed  rate  of  loss  of  heat  from  one 
end  of  a  cylinder,  independent  of  its  temperature. 

»  Wied.  Ann.,  7,  536  (1879). 
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The  expression  built  up  from  these,  viz,, 

z  =  (A^  sin  E^x  +  B,  cos  EjX)e—^^*^^  + 

(A3  sin  E^x  +  B^  cos  E^x)e-^^'^^  +  etc.  +  Cx  +  D, 
or  briefly 

00 

Z  =^\{An  sin  EnX  +  Bn  COS  E„x)^^«**'}   +Cx+  D,      (l) 


n—i 


proves  sufficiently  general  to  allow  the  introduction  of  (i), 
iii)  and  {iv). 

To  introduce  (i). — From  (i) 

[For  x  =  o]         z=^D  +  HBne-^n^'.  (2) 

The  expression  on  the  right  may  be  made  constant  and  equal 
to  z^  for  all  values  of  t,  as  required  by  condition  (i),  by  setting 

By^  =  0,  -Bj  =  o,  B^  =  o,  etc,  (3) 

so  that,  from  (2),  (3)  and  {%) 

D  =  zo.  (4) 

To  introduce  (iv), — From  (i),  (3)  and  (4), 


[For  x  =  l]  11  =  C+  ^Ane-^n'^  .cos  EJ        (5) 

whence  by  {iv), 


«  =  I 


00 


C  +  ^^Ane-^nk' .  cos  Enl  =  j.  (6) 


It  =  I 


This  is  possible,  for  all  values  of  /,  only  if  each  term  involving 
/  is  separately  made  zero ;  this  may  be  accomplished  by  setting 

cos  EJ  =  o,        t.  e.,  En  = j—^,  (7) 

n  being  any  integer. 

From  (6)  and  (7)  there  follows 

C  =  G/k.  (8) 

To   introduce    (ii). — Setting   t  =  o  in    (i),   and J[ substituting 
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the  values  of  B,  D  and  E^  given  by  (3),  (4)  and  (7),  there 

follows 

00 

.    (2n — i);rx 


[For  /  =  o]       2  =Zo  +  Cx  +^^An  sin  — — ^^^,      (9) 

whence  by  (i) 

00 

o  =  Cx  +    y.An  stn Y^ — .  (10) 


n  =  I 


Fourier  has  shown  that  for  values  of  /  between  o  and  ;r/2 
(see  Appendix) 

f=~  (^sin  f  —  -  sin  sf  +  —  sinsf— etc.),  (11) 

;r  9  25 

TtX 

whence  (writing  -y  f or  / ) 

Cx  =  — y-      >,   ^ ,2     "^^^  ^ 1 •  (12) 

ir    ^J  (2n —  I)'  2/  * 


f»  =  I 


Substituting  this  expression  for  Cx  in  (10) 

A       r.-rr    ^^^~  ^^^^  —  — ^^^^  (  — 0"  "^  '       •      (^n  —  QtTX 

A„  jtn J =  —"2 —   >  7 .,  Jin (13) 

whence 


(— i)"        8/c 

(2n l)^   '    TT^ 


^^  —  TZZ.         ^2  •   'Za'  (^4) 


Thus,  by  substituting  in   (i)  the  values  ior  B,  D,  E„ 
and  A^  from  (3),  (4),  (7)  ancl  (14),  an  expression  is  obtained, 

Gx  ,   SIG^   (—1)"       _(?!^^I'5L*'      .    (2n—i)nx    ,       , 


«  =  I 


which  satisfies  the  differential  equation  (Hi)  and  the  con- 
ditions (i),  (n)  and  (i?;),  if  the  current^  remains  constant 
from  /  =  o,  the  moment  of  throwing  on  the  current,  up  to 
the  moment  t. 

Inspection  of  (15a)  shows  that  the   right-hand  member 

*  The  equations  deal  only  with  G,  which  however  is  proportional  to  the 
current,  see  page  821. 
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is  divisible  by  G.  From  this  it  appears  that  in  experiments 
with  the  same  electrolyte,  carried  out  at  the  same  temperature 
(hence  with  fixed  value  of  k)  and  with  the  same  rate  of  stirring 
(fixed  value  of  [},  the  amount  of  change  in  concentration 
(2^2^,)  in  a  given  time  will  be  proportional  to  G  and  therefore 
to  the  current.  It  may  also  be  concluded  that  if  in  a  series 
of  experiments  (with  fixed  values  of  k  and  /)  the  currents 
(and  therefore  the  values  of  G)  be  proportional  to  the  initial 
concentrations  (Zp),  the  values  of  2  after  any  given  duration  of 
electrolysis  (t)  will  likewise  be  proportional  to  the  initial 
concentrations. 

For  the  sake  of  brevity,  (150)  may  be  written 


'-Cx-t 


SIC 


2'^-"- 


t  mgx, 


(■5-*) 


where    m   =  2n — 1,    C  =  G/'k. 


=  n^k/^f,    g  =  7z/2l,    and 


E  is  written  for    2   .    Since  ( — i)' sin  mgx  =  — cos  mg(l  —  x), 


(156)  may  be  put  in  the  more  convenient  form, 


a 


I 


i-y.^--' 


smg^, 


(15c) 


where  all  the  terms  after  the  sign  of  summation  are  positive; 
5  is  here  written  as  an  abbreviation  for  /  —  x,  the  distance 
of  the  point  x  from  the  electrode.  In  this  equation,  the  term 
on  the  left  expresses  the  change  in  concentration  as  a  fraction 
of  the  maximum  change  that  could  be  brought  about  at  the 
electrode  by  the  same  current;'  the  first  term  on  the  right 
gives  the  distance  from  the  origin  (a:  =  0}  as  a  fraction  of 
the  total  length  of  the  diffusion  layer;  and  at  =  n^kt/^l' 
in  the  exponent  gives  the  time  in  units  which  depend  on  k 
and  I  only.' 

The  concentrations  at  the  electrode,  which  are  the  most 
important  from  an  experimental  point  of  view,  may  be  ob- 


'  i.e.,  if  left  louel  for  "infinite"  time, ' 

interpreta.tioii  of  O  is  allowable  within  cer 

geometrical  interpretation  (fig.  i)  holds  lo  t 

*  a  —  n'k/^t*  is  spoken  of  later  as  the  " 


e  p.  SjS,  footnote.  This  "physical" 
in  limits  only  (see  Part  II);    the 
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tained  by  substituting  /  for  x  in  (15);  cos  mg^  then  becomes 
imity,  and  (15c)  reduces  to 

[^---fl  — o^,_|2;i,^-  (16) 

Methods  of  Computation 

First  term  approximation. — ^The  first  five  terms  of  the 
series  in  (16)  are: 

9  25  '49  '81 

The  second  term  will  be  one  percent  or  less  of  the  first  term 

if  -  €r-9oi  —  —  0-at  Qj.  less,  i.  e,y  if  at  be  0.301  or  more;  and  it 
9  100 

will  be  one  per  thousand  of  the  first  term  if  at  be  0.589  or  more; 
in  both  cases  the  remainder  of  the  series  is  negligible. 
Thus  in  computing  values  of  {z  —  z^)/Cl  for  values  of  at 
above  0.6,  the  first  term  of  the  series,  neglecting  all  the  others, 
will  give  results  accurate  to  one-tenth  percent;  under  these 
conditions    (17)    may    therefore    be    used    in  place   of    (16). 

\For  at  large,  and  x  =  I]      — ^^j-^  =  1  —  ^  er^     approx,     (17) 

But  as  at  becomes  smaller,  the  number  of  terms  that 
have  to  be  taken  into  account  rises  rapidly.  In  computing 
(2  —  2o)/Cl  for  X  =  /  and  at  =  0.03,  for  instance,  the  values  of 
the  first  five  terms  (each  multiplied  by  S/tt^)  are  0.78664, 
0.06875,  0.01532,  0.00378,0.00088,  respectively,  and  all  five 
have  to  be  evaluated  in  order  to  find  (z  —  Zq)/^^  ^^  three 
places  of  decimals. 

Parabolic  approximation. — Thomson  and  Cay  ley  ^  have 
shewn  that 

00  , 

(2«  — 1)^2         (2n — i);rr 
e         4/2       cos --^-^  = 

W  =  1 

J—  (e-y'  —  e-^y-f>''  —  e-^y -^ f^'  +  e-^y-'f^'  +  e-^y-^^n'—etc).  (18) 

2  ^ 


*  Quarterly  Journal  of  Mathematics,  i,  316  (1857). 
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Substituting  o  for  y,  and  at  for  ^'A/^,  this  gives 


00 


_(2«  — 


«  =  I 


^  n=  1  ' 


(19) 


For  small  values  of  at  the  sum  on  the  right  may  be  neglected, 
giving 

[For  at  small]      2^'"^"'" '^'''^  =  —  \  ^       approximaUly.     (20) 


n  =  I 


Multiplying  both  sides  by  dt  and  integrating  between  the 
limits  o  and  t  there  follows 


00 


[For  at  small]  ^  \{i—  e-(2«-0*a/)  =,  Jl  ^^f  approx,,    (21) 
whence 


«  =  1 


[For  X  =  ly  at  small] 


z  —  2^ 

~cr 

8 


or,  substituting  for  at  its  value  n^kt/^l^, 

[For  X  =  I  at  small]     (z —  Zq)/C  =i,i2g  ^kt  approximately.  (22b) 

Table  I 
Values  of  (z  —  Zo)/Cl  at  the  electrode 


Parabolic  approx. 


at 


0.4 

0.5 
0.6 


Calc. 
(Eq.  22a) 

0.45432 
0.50795 
O. 55643 


Error 


0.00012 
0.00059 
0.00169 


True  value 
(Eq.  16) 


0.45420 
O . 50736 
0.55474 


First  term  approx. 


Error 


0.00246 
o.ooioo 
0.00041 


Calc. 

(Eq.  17) 

o . 45666 
o . 50836 

0.55515 


The  figures  of  Table  I  show  that  for  all  practical  purposes 
the  accurate  expression  (16)  may  be  replaced  by  the  ''first 
term  approximation"  (17)  for  values  of  at  above  0.5,  and  by 
the  "parabolic  approximation"  (22)  for  values  of  at  below 
0.5.  It  may  not  be  out  of  place  to  emphasize  the  fact  that 
the  applicability  of  either  of  these  approximations  depends 
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not  on  the  value  of  either  /,  fe,  or  t  alone,  but  on  that  of 
at  =  n^kt//^P\  the  parabolic  approximation,  for  instance, 
holds  not  only  for  the  case  "  /  =  ^'\^  as  shown  by  Sand  but  it 
also  holds  for  any  other  value  of  /  provided  kt  be  small  enough. 

Table  II 
Values  of  (2  —  ^o)/^^  ^^  the  electrode 


at 

(z-2o)ICl 

at 

{z-Zo)ICl 

at 

{z--2o)ICl 

0 

0 

0.5 

0.507 

1-4 

0.800 

0.05 

0.164 

0.6 

0.555 

1.5 

0.819 

O.I 

0.227 

0.7 

0.597 

2.0 

0.890 

0.2 

0.321 

0.8 

0.636 

2.786 

0.950 

0.3 

0.393 

0.9 

0.670 

4-395 

0.990 

0.4 

0.454 

I.O 

0.702 

00 

1. 000 

As  shown  by  the  figures  of  Table  II,  ninety-nine  percent 
of  the  total  change  of  concentration  at  the  electrode  that  a 
given  current  can  accomplish  is  completed  when  at  reaches 
4.40.  The  actual  number  of  seconds  corresponding  to  a  given 
value  of  at  depends,  obviously,  on  the  ''time  constant" 
a  =  ;r'fe/4/',  i.  e,,  on  the  values  of  k  and  /;  if,  for  example, 
k  =  4  X  io~*cmVsec.,  and  /  =  3.14  X  io~*cm  (numbers  with- 
in the  range  of  those  experimentally  met  with)  at  gives  the 
duration  of  electrolysis  in  hundredths  of  a  second;  if  the 
stirring  were  slower,  however,  and  /  rose  to  3.14  X  10"' cm, 
at  would  give  the  time  in  seconds. 

The  Stationary  State 

WTien  the  current  has  flowed  long  enough,  the  "  stationary 
state*'  is  reached,  the  equation  for  which  may  be  obtained 
direct  from  (in)  by  putting  bz/bt  =  o,  or  from  (15)  by  setting 
t  =  00  ;  the  exponential  term  then  becomes  zero,  and  (15c) 

reduces  to 

[For  /  =  00^]     z  —  Zq  =^  Cx  (23) 

*  Sand,  Phil.  Mag.,  [6]  i,  45  (1901). 

'  Practically  speaking,  for  such  values  of  at  as  make  the  sum  term  in  (15) 
negligible.  If  one  percent  of  2 —  s©  be  "negligible"  from  the  point  of  view  of  the 
experimenter,  at  =  4.40  is  high  enough,  so  that  for  ik  =  4  x  io~'  and  /  =  3.14  x 
io~^  cm,  0.044  second  would  be  an  "infinite"  value  of  t. 
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i.  e.,  there  is  a  linear  gradient  of   concentration   throughout 
the  diffusion  layer. 

The  summation  on  the  right  of  (15)  thus  shows  the 
difference  between  the  concentrations  at  any  moment  of  the 
electrolysis  and  those  at  the  stationary  state;  as  with  in- 
creasing t  this  term  decreases,  and  ultimately  vanishes,  it 
will  be  spoken  of  as  the  ''evanescent  term'*  of  (15)  to  dis- 
tinguish it  from  the  ** stationary  term'*  Cx, 

The  Stationary  Term  when  k  is  a  Function  of  z 

Throughout  this  paper,  the  diffusion  constant  is  supposed  to 
be  independent  of  the  concentration;  in  the  present  paragraph, 
however,  the  important — ^but  mathematically  simple — case  of 
the  stationary  state  with  constant  current  is  dealt  with  on  the 
assumption  that  fe  is  a  function  of  z.  The  equations  deduced 
in  this  paragraph  are  not  made  use  of  in  what  follows. 

Setting  k  ==  f{z),  the  differential  equation  has  the  form: 


^f=r.(«4:)-  w 


As  however  at  the  stationary  state,  z  depends  on  x  alone, 
(A)  may  be  replaced  by  the  "ordinary"  differential  relation 


dx 


(/(.)  ^y  =  o.  (B) 


dz 

Hence  f{z)   ,    has  a  constant  value  for  all  values  of  x;  at  the 
electrode  this  is  known  to  be  equal  to  G;  therefore. 


and 


therefore, 


K^)  t  =  G,  (C) 


ff(z)d2  =   Ccdx  =  Gx\  (D) 

z 

x  =  ^ff(z)dz,  (E) 


'o 


which  whenever  f{z)  is  known  gives  x  explicitly  in  terms  of  z. 
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For  example,  if  fiz)  =  fe^  +  k^z  (F) 

Gx  -  (k^z  +  I  k,z')  —  (feo^o  +  I  ^i^o').  (G) 

From  this,  if  desired,  z  may  be  expressed  in  terms  of  x,  thus 


z  = 


—K  +  \  K^  +  2k^(Gx  +  k^z^  H-  ^  kyz^^) 

^ (H) 


Similarly  in  many  other  cases  it  is  possible  to  pass  from 
Eq.  (E)  to  one  expressing  z  in  terms  of  x\  when  this  is  not 
possible,  a  graph  may  be  drawn. 

The  *' Limiting  Current*' 

The  ''  limiting  cmrent  '*  for  the  change  2'  — z^  is  defined  to 
be  that  current  which  at  /  =  00  is  just  sufficient  to  bring  the 
concentration  at  the  electrode  from  z^  to  z' ;  it  may  be  denoted 
by  (g^'  and  the  corresponding  value  of  C  by  C  Substituting 
z'  for  2r,  and  /  for  a:  in  (23), 

[For  /  =  00  and  x  =  l]z^  —  z^  =  C'l, 

whence  C  =  ^^,  and  ^'  =  96540.^/^(3^-^0),      (    ) 

Thus  any  experiment  in  which  z\  z^,  and  @^'  are  measured 
may  serve  to  determine  the  ratio  k/l.     In  the  special  case 

where  2?'  =0,^7^0  =     9  54Q   @^        This  relation  has  been 

(l    +    ZU/l4ZU)l 

used  by  Nemst  and  Merriam  *  and  others  for  the  determination 
of  k/L 

As  indicated  by  the  heading  of  the  table,  the  numbers 
entered  in  Table  II  give  the  values  of  (z  —  2ro)/C/atthe 
electrode  for  different  values  of  at.  Since,  however,  from 
(24),  (2' — Zq)/^^  =  ^V^  =  ©Pyd^f  these  same  numbers  give 
the  limiting  current  ^' corresponding  to  any  arbitrary  change 
of  concentration  at  the  electrode  if  the  time  (at)  is  known 
at  which  some  known  current  ^  just  brings  about  the  same 
change.     For  example,  the  limiting  current  corresponding  to 

»  Zeit.  phys.  Chem.,  53,  235  (1905). 
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any  change  of  concentration  at  the  electrode  is  0.164  times 
the  current  that  will  bring  about  the  same  change  in  the  time 
ai  =  0.05.  Conversely,  the  reciprocals  of  the  numbers  under 
{z  —  2o)/Cl  give  the  current  necessary  to  bring  about  any  given 
change  of  concentration  in  a  given  time  at,  if  the  limiting  cur- 
rent correspouding  to  the  same  change  be  known;  to  ac- 
complish a  given  change  in  the  time  at  =  o.io  requires  4.41 
times  the  limiting  current  corresponding  to  that  change. 
The  "  change  of  concentration ' '  easiest  recognized  in  the 
laboratory  is  often  that  from  z^  to  o. 

Determination  oj  k  and  of  I 
As  both  k  and  /  are  involved  in  {16),  two  experiments 
are  in  general  required  to  determine  both  or  either  of  them; 
one  of  these  experiments  may  be  a  determination  of  the  ratio 
k/l  by  means  of  the  limiting  current  as  indicated  above, 
and  the  other  a  measurement  in  which  the  time  needed  to 
bring  about  some  known  change  of  concentration  at  the 
electrode  is  determined.  If  this  second  measurement  be 
so  planned  that  at  >  0.5,  the  "single  term"  approximation 
(17)  may  be  employed;  writing  ij  for  the  ratio  k/l  sup- 
posed known,  this  gives 


i  = 


ij(z'- 


-Kl-'^^')] 


0.09131  ■+■  logff 


_5<!: 


-r^r 


(25) 


If  at  be  less  than  0.5,  however,  so  that  the  "parabolic 
approximation"  (22b)  is  applicable,  k  may  be  determined 
by  means  of  it  directly  from  one  experiment,  the  change  of 
concentration  at  the  electrode  under  those  circumstances 
being  independent  of  /.  This  method  of  finding  k  has  been 
employed  by  Sand;  in  his  experiments,  however,  /  was  taken 
to  be  "infinite,"  and  was  not  determined. 


Graphical  Representation 
The  curves  of  Fig.  1  give  the  values  of  (z  - 


■2„)/a  through 
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the  diffusion  layer  {for  any  fixed  values  of  C,  k,  and  /),  for 
i  =  o,  for  (  =  00  and  for  ten  values  of  at  ranging  from  o.i  to 
i.o;  the  curves  have  been  drawn  with  fair  accuracy,  values 
of  (2  —  2o)/Cf  may  be  estimated  from  them  to  within  one 


BCT 


td 


o     Vaiuesof  Jj^— )& 


icr 


S                        -=7 

lu„of^                                          ^^ 

's 

^'^1 

1 

^/    '  1 

5 

--^                                     ;;^^  jg 

t 

^-^          -0 -.^p^  =5^^:^  > 

!-                   -^^ 
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^2i^K 
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S=?^i--:li-^?fe'    i 

§J= 


Fig.   I 


percent  of  the  value  of  CI.  As  is  clear  from  (15),  values 
of  2  itself  are  not  fixed  by  C,  k,  and  /;  the  point  z  =  o  is  there- 
fore not  marked  on  the  diagram. 

In  Fig.   2,  the  same  data  are  plotted  on  a  time  base; 


the  curves  give  the  progress  of  the  concentration  change  1 
the  time  (from  oi  =  o,  to  a(  =  i  .0)  at  ten  equidistant  cross- 
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^^H        sections  of  the  diffusion  layer.     The  line  ab  in  Fig.  i  corresponds                     ^M 
^^H        to  the  curve  ab  in  Fig.  2,  and  the  line  od  in  Fig.  2  to  the  curve                     ^M 
^^^M        od  in  Fig.                                                                                                            ^H 
^^H                 In  Fig.  3,  the  relative  change  of  concentration  at  theelec-                     ^M 
^^H          trodc,  (z^Zo)/Cnsplottedforthe  intervalai  =  otoat  =  5.0;                       ^M 
^^H         in  Fig.  4  the  same  data  are  plotted  with  logarithmic  coordinates                     ^M 

^^^B                                                Limiting  Value  of  z-z^Ci  at  %/-  oc^                                                                   ^| 
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logio"'  =  ^2.30  to  1.7.1.  e.,  from  a/  =  0.005  to  of  = 
curve  dbc  represents  the   "first  term  approximatic 
traight  line  ea  the  parabolic  approximation,  and  the 

bd  the  true  values  of  log,g(2  —  z^MCl. 
Zurve  I  of  Fig.  5  gives  the  concentrations  througl 

ffusion  layer  at  at  =  0.5  for  fixed  values  of  C  an 

50). 

n," 
fuU 

out 

1  * 
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and  for  /  —  /,;  curve  II  gives  the  concentrations  at  ai  =  o.i 
for  the  same  values  of  C  and  k  but  for  /,  =  /,V5.  Since  a 
varies  inversely  as  f,  t  as  well  as  C  and  k  is  the  same  for  both 
curves,  and  the  figure  serves  to  illustrate  the  conclusion  of 
(226)  that  for  small  values  of  at,  (z  —  Za)/^  at  the  electrode 
is  independent  of  I.     As  shown  by  the  figure,  the  change  of 
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Fig    5 

concentration  initiated  at  the  electrode  has  hardly  yet  had 
time  at  at  =0.1  to  spread  more  than  half  way  to  the  "  point  of 
constant  concentration,"  x  =  o;  shifting  this  point  still 
further  to  the  left  could  therefore  have  no  effect  on  the  con- 
centration at  the  electrode. 

Sec.  2. — Successive  Currents  In  General 
Eq.  (15)  and  those  deduced  from  it  in  the  preceding 
paragraphs  are  applicable  only  when  the  current  (and  con- 
sequently C)  remains  constant  during  the  electrolysis.  It 
is  now  proposed  to  deal  with  the  more  general  case  where  the 
currents  ^,,  ^„  ^„  corresponding  to  C„  C,,  C,,ctc..  act  suc- 
cessively, C,  from  f  =  o  to  /  =  (p  Cj  from  /,  to  i,,  C,  from 
(,  to  (j,  etc;  as  before,  at  /  =  o,  z  =  2,,  for  all  values  of  x. 
Up  to  the  moment  t,,  the  values  of  2  are  given  by  (15) ;  in 
particular, 


J  mg^  (26  a) 


SIC,' 


.  C,x  +  (C,  -  C,)x  -  ^  ■  2  ^,  e-""'^'  ^"^  »»?5     (26fc) 
=  C^  -  ^^  2  i  (C.^-'-"  +  C,-C^  COS  mgl     (26c) 
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the  last   transformation  being  effected   by   means   of   (12), 

which,  since  ( — i)"  "^  *  sin  mgx  =»  cos  mgk,  may  be  brought  into 

the  form 

SIC 


Cx  =  ^^^,  cos  mgl  (27) 


Between  t  =^  t^  and  <  —  <,  values  of  m  are  given  by  the 
expression 

[For  tiKtKt^]    z  —  Zq  = 

^^-^^2i  {^i^"*^*  +  ^r=^il  e-'-^^^-^^)cosmg^     (28) 

which  satisfies  ii,  Hi,  iv,^  and  the  condition  that  at  /  =  /,  the 
values  of  2  along  the  x  axis  are  those  consequent  on  the  action, 
from  t  =  o  to  t  =  t^,oi  the  cturent  @^. 
In  general 

[For  ip^i<t<tp]    z  —  Zq  = 

+  Cr  — CVTTe-'^'^^'-'r.i)  +....  +  Cp  —  CpZe"^'^^^-  p-d}  cos  mg^  (29a) 

00 
=  C^  —  -, 2 ^1  { C.e-'^''^  +  i  CV^^^C~^ e-'^'^^^- ir-i)]  cos  mg^.     (296) 


»=  I 


The  expression  inside  the  brackets  j  j  can  be  rearranged 
thus: 

4-  Cr(€^'«'«('-'r-i)  -  e-'^'^C-"^))  4- ....  4-  Cpe-^'<'('-'p-0\ 

so  that  (29)  may  also  be  written 

.  00 

«=  I 

s'cCe— '«^'-^- 1)  —  e-'^^^-'r)) } coj  wg5.     (29c) 


ra»  1 


*  This  is  obvious  if  it  be^notedlthat^the  expression  within  the  brackets 
j  j  is  a  function  of  m  only,  not  of  x  or  J. 
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Finally,  if  7",  be  written  for  /  —  t„  the  time  elapsed  since 
the  current  corresponding  to  C,  ceased  to  act,  and  "frT,  for 


[Fort^_,<,l<l^]     z- 


which  lends  itself  to  graphical  representation. 

Figs.  6  and  7  illustrate  the  case  of  electrolysis  by  a  succes- 
sion of  currents  beginning  at  /  =  o  with  one  ampere,  followed 
by  2,  3,  4,  .  ID  amperes,  each  passing  through  the  solution 

for  the  equal  interval  at  =  0.25.     The  abscissae  of  the  two 
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figures  give  the  values  of  <frT,  for  n  =  i  and  n  =  2  respectively, 
and  the  ordinates  the  values  of  C  and  of  C/9  respectively 
for  the  ten  currents ;  thus  Fig.  6  corresponds  to  the  first  term 
of  the  n-sum  in  (29^)  and  Fig.  7  to  the  second  term.  The 
area  abdc  equals  C^^<^T^   (corresponding  to  C^^Tp^,);  efhg 

equals    (<|>r,  —  4>7',)C„     kefld    equals    's'  C,(*r,  — 4>r,_  ,), 

and    ackeftb   equals    the    whole    expression    within    the    (  { 
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brackets  of  (29^),  for  m  =  i.  The  broken  line  in  the 
upper  left-hand  comer  of  Fig.  6  represents  the  first  terra 
of  the  n-sum  for  the  same  ten  currents  each  persisting  for 
at  =  0.75  instead  of  at  =  0.25;  the  great  reduction  of  the 
I  I  term  of  (2gd)  is  obvious.  It  is  quite  clear  from  the 
figure,  that  the  effect  of  previous  history  is  much  less  on  the 
second  than  on  the  first  term,  so  that  in  deciding  how  far 
back  it  is  necessar\-  to  go  in  taking  account  of  the  previous 
currents,  the  first  term  only  need  be  considered. 

Equation  (29)  in  its  various  forms  is  the  most  general 
expression  for  z  —  2^,  all  others  given  in  Part  I  of  this  paper 
are  deducible  from  it:  Eq.  (15)  for  instance  results  when 
C,  =  C,  =  .  .  . .  =C^;equationsfor  the  periodicrecurrenceof  a 
finite  number  of  currents  are  deduced  from  (29)  in  Sees.  3  and 
4,  and  Sec.  j  shows  how  the  periodic  recurrence  of  an  infinite 
number  of  currents  each  but  slightly  different  from  the  pre- 
ceding may  be  dealt  with.  As  usual,  by  substituting  /  for 
X,  whereupon  cos  mg\  becomes  unity,  expressions  for  the 
experimentally  important  concentrations  at  the  electrode 
may  be  obtained. 

Sec.  3.— Periodic  Currents.  1.  Cycles  with  Two  Beats 
In  the  first  "beat"  the  current  ,5^,  acts  for  Q,  seconds,  in 
the  second  beat  the  current  j/j  for  0.  seconds;  these  two  "beats" 
make  up  a  "cycle"  of  duration  0  =  fl,  +  0,  seconds,  which 
may  be  repeated  again  and  again.  It  is  convenient  to  intro- 
duce the  symbol  r  to  represent  the  time  elapsed  since  the 
beginning  of  the  beat  which  is  in  progress  at  the  moment 
/.  /  being  counted  as  always  from  the  moment  (  =  o  when 
the  first  current  is  thrown  on;  at  f  =  o,  2  =  z^,  for  all  values 
of*. 

In  applying  (29)  to  this  case, 


C^  =  C^  =  Cj,  etc.    6, , 
C^^C,  =  C.,  t-tc.    0, . 


-  ',=  C— «  =  ('.  —  '.)  =  C,  — O.eto. 
0  ^  (,  =  ((,  —  l.^)  =  ((,—7,),  etc.  =  0,  -F  fl,. 
Thus,  during  the  ^th  beat,  if  />  be  odd  [p  =  2q  +  i),  Cp  =  Ci, 


-^'l. 

;:$>■' 
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and  ^  =  g6  +  t;  if  />  be  even   (p  =  2q),  Cp  =  C„  and  t  - 

(9—1)6  +  e^  +  T. 

In  the  first  case  (p  odd)  on  making  these  substitutions 
(29)  becomes 

[p  odd]     z  —  Zq  =  (30a) 

whence,  summing  the  geometrical  series,  eliminating  q,  and 
rearranging, 

[/.  odd]  z-z,  =  C,x  +  ?f(^:i^«i2^  .    ,..,,  I ,    co.«g5 

~  n*  2r^iir '  ^'  ■•"  ^^*  ~  ^»^  g„w_i   I  coj  wtgi-  (306) 

Similarly,  it  may-be  shown  that  where  p  is  even 

[p  even]  2  —  2^  =C^^r ^,-^  2^1^^  '     e'-'^—i     ^""'"^^ 

In  (306)  and  (31),  the  term  involving  e""*^*"',  which  de- 
creases with  increasing  /  and  ultimately  vanishes,  may  be 
spoken  of  as  the  **evanescent  term'*;  it  is  the  same  in  both 
equations,  so  that  on  plotting  with  z  and  /  as  axes  the  evanes- 
cent term  would  be  represented  by  a  continuous  curve  with 
no  abrupt  changes  of  direction  at  the  beginning  of  a  new 
beat.  A  plot  of  the  ''stationary  terms*'  from  the  two  equa- 
tions (what  is  left  of  the  right-hand  members  of  (306) 
and  (31)  when  the  evanescent  term  has  been  withdrawn) 
would  give  a  zigzag  line. 

If  X  be  replaced  by  /  in  these  equations  (and  consequently 
cos  wgS  by  tmity)  expressions  for  the  concentrations  at 
the  electrodes  are  obtained.  If  /  be  set  =  00  thus  reducing 
the  evanescent  term  to  zero,  expressions  for  the  concentra- 
tions at  the  stationary  state  are  obtained.  If  ^  be  set  =  o 
(and  consequently  e"*'***''  =  unity)  expressions  for  the  con- 
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centrations  at  the  beginnings  of  odd  or  even  beats  (t.  e.,  at 
the  ends  of  even  or  odd  beats)  respectively  are  obtained. 
If  C,  =  C,  the  expression  for  constant  current,  (15), 
is  obtained;  if  C,  =  — C^  the  equations  apply  to  the  simplest 
form  of  alternating  current,  and  if  C,  =  o  to  "intermittent" 
currents.  Special  cases  of  the  latter  will  be  examined  in 
detail  (see  pages  840  and  843). 

If  the  first,  third,  etc.,  beats  last  long  enough  to  bring 
about  a  linear  distribution  of  concentration  throughout  the 
diffusion  layer,  i.  e.,  if  in  (31),  06,  =  ce  (see  foot-note, 
page  828)  the  concentrations  throughout  the  even  beats 
will  be  represented  by 

Centre  and  Amplitude  of  Stving 
When  the  stationary  state  is  reached,  i.  e.,  when  the  evanes- 
cent term  has  become  zero  or  approximately  so,  the  concen- 
tration at  any  point  in  the  diffusion  layer  oscillates  between 
two  extreme  values,  one  at  the  end  of  each  beat.  Half  the 
sum  of  the  extreme  values  of  the  concentration  change  gives 
the  "centre  of  swing"  or  mean  value  of  the  concentration 
change  at  that  point;  half  their  difference  gives  the  "ampli- 
tude" or  greatest  deviation  of  the  concentration  above  and 
below  its  mean  value.  An  expression  for  the  amplitude, 
and  one  for  z  —  z^  at  the  centre  of  swing,  may  accordingly 
be  obtained  by  taking  half  the  difference  and  half  the  sum 
respectively  of  the  values  of  z  —  z^,  given  by  (306)  and 
(31)  after  setting  (  =  00   and  t  =  o. 

[Amplitude]    -  {€,—€,)%  + 

[,4/  cvnlre]     z~s^  =  '  (C,  -t-  C^)x  + 

4/(C,--C,)X"  1   <^""^'— '^"'''"'  t      ,     . 
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Very  Large  and  Very  Small  Valties  of  6 

If  both  6 J  and  8,  are  large,  the  concentration  at  any  point 
oscillates    between   z^  +  C^x   and   z^  +  C^\   on   evaluating 

the  6  fractions  in   (33)  and  (34),  -(Q  +  C^x  is  accordingly 

found    as   the    expression    for   z  —  z^    at     the  centre,  and 

-  (Cj  —  C^x  for  the  amplitude. 

(0  B  \ 

the  ampUtude  is  very  small;  L  e.,  the  "zigzag"  becomes 
almost  a  straight  line.  Thus  the  stationary  state  reached 
by  electrolysis  with  a  rapidly  interrupted,  alternated,  or 
varied  two-beat  current  is  practically  the  same  as  would  be 
reached  by  electrolysis  with  a  constant  current  of  the  same 
number  of  coulombs  per  second  (reckoned  algebraically). 
Progress  towards  the  stationary  state  is  likewise  the  same 
in  the  two  cases,  as  may  be  seen  by  evaluating  the  evanescent 
term  of  (306)  or  (31)  for  very  small  values  of  6j  and  6,. 
Stationary  and  evanescent  terms  together  give : 

[  For  6  'very  small\     z  —  ^o  = 

{<='i - <^4')-:-:{^.r' - ^.r')2=?'-«»^  (33) 

It  may  be  noticed  that  this  equation  becomes  equivalent  to 

o  B 

(15c)  on  writing  Qj  -{■  C^f  =  C, 

A  Special  Case  of  Intermittent  Currents 

To  obtain  an  expression  for  the  concentration  changes  at  the 
electrode  during  electrolysis  with  an  intermittent  current,  where 
the  periods  of  electrolysis  with  the  current  C,  and  the 
intermissions,  each  last  0.5 /a  seconds,  equations  (306)  and 
(31)  may  be  used  setting  :3c  =  /,  Cj  =  o,  Q  =  C,  a6j  = 
^^2  "=  05 J  so  that  at  =  0.5 (/> — i)  +  Or,  where  Or 
changes  from  o  to  0.5  during  each  beat. 

The  evanescent  term  (wliich  of  course  is  the  same  for  both 
equations)  and  the  two  stationary  terms  are  as  follows : 
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[Evancsc.  term] 


,...,  a-f  2^: 


[Stat,  term, 


[S(a/.  term, />«w«]    "je    -^m*  r"-'"'    I    i" 


Fig.  8  gives  a  graph  of  the  evanescent  terra,  and  the  sta- 
tionary terms  of  (36)  and  their  sum,  i.  e.,  the  values' 
of  (z  —  Zq)!CI  at  the  electrode. 
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Table  III  gives,  for  a  number  of  values  of  a6,  the  values 
of  (2  —  Zg)/Cl  at  the  electrode  at  the  end  of  the  ist,  2d, 
3d,  4th,  and  00  th  beats  of  current  {i.  e.,  for  p  =  i,  z>  S.  7i 
and  00).  The  numbers  under  p  =  1  are  the  same  as  those 
of  Table  II,  those  under  /)  =  ta  are  calculated  from  the  sta- 
tionary   term   of    (31)    after   setting    x  •=  I,  1=0,    C,  —  o. 


'  The  values  actually  plotted,  however,  ai 
«'/.  -  '-'337- 


'  those  here  described  muItipliMl 
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C^  =^  C\  for  purposes  of  computation  this  term  is  best  put 
in  the  form : 

The  figiu-es  in  a  horizontal  line  of  Table  III  thus  give  the 
ordinates  of  the  peaks  of  {z  —  2^) -/ -curves,  such  as 
"Sum"  in  Fig.  8  which  corresponds  to  the  line  opposite 
a6^  =  0.5.  As  the  sum  of  the  extreme  values  of  z  —  z^ 
at  the  electrode  when  6^  =  0,  is  Cji  (twice  the  '*centre,'' 
Eq.  34),  the  diflference  between  unity  and  the  figure  imder 
p  ^  CO  gives  the  ordinates  of  the  lowest  points  reached  by 
the  curve  when  the  stationary  state  is  attained. 

Just  as  with  Table  II,  however,  the  figures  of  Table  III 
are  susceptible  of  a  second  interpretation.  Writing  ^^  for 
the  intermittent  current  (when  0,  =  63)  which  just  brings 
the  concentration  at  the  electrode  from  z^  to  the  arbitrary 
value  2f'  at  the  end  of  a  beat  of  current,  the  figures  of  Table 
III  obviously  give  (2'  —  Zq)/CI  for  various  values  of  a6, 
and  p.  But  by  (24),  (z  —  Zq)/1  =  C,  where  C  corresponds 
the  limiting  current  @(^',  i,  e,,  to  the  constant  current  which 
at  /  =  can  just  reduce  the  initial  concentration  by  the 
same  amount.  .  Therefore, 

{z,  -  20  CI  =  c\/c'  =  d/'/d/\  (38) 

and  the  reciprocals  of  the  figures  in  Table  III  give  the  inter- 
mittent  currents  needed  with  different  values  of  0j  =  6, 
to  bring  the  concentration  at  the  electrode  to  any  arbitrary 
value  at  the  end  of  the  first,  second,  etc.,  beats  of  current, 
OrS  multiples  of  the  limiting  current  corresponding  to  the  same 
change  of  concentration. 

Thus,  for  example,  if  one  ampere  acting  continuously  is 
just  sufficient  to  bring  the  concentration  at  the  electrode 
from  Zq  to  any  selected  value  2',  the  table  shows  that  1/0.507 
amp.  will  be  needed  to  bring  about  the  same  change  in  the 
time  a0i  =0.5;  while  1/0.625  amp.  will  do,  if  the  current 
is  allowed  to  pass  for  a0j  =  0.5  and  then  again  for  the  same 
period,  after  a  pause  of  equal  duration. 
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Table  III 
Values  of  (2  — 2©)/^^  ^^  ^^^  electrode 


Values  of 

aOi  —  aOj 

P-l 

P-  3 

P  —  5 

P  =  7 

p  —  00 

2.00 

0.890 

0.903 

0.903 

0.903 

0.903 

1.50 

0.819 

0.851 

0.852 

0.852 

0.852 

I. GO 

0.703 

0.771 

0.781 

0.782 

0.782 

0.50 

0.507 

0.625 

0.668 

0.684 

0.693 

0.  ID 

0.227 

0.299 

0.353 

0.395 

0.586 

0.05 

0.  160 

0.212 

0.250 

0.281 

0.561 

O.OI 

0.072 

0.095 

0.  112 

0. 126 

0.527 

0.005 

0.049 

0.067 

0.079 

0.089 

0.519 

0 

0 

0 

0 

0 

0.500 

The  Simplest  Alternating  Currents 

If  Cj  and  C2  as  defined  by  (iv)  and  (8)  are  of  opposite  signs, 
(306)  and  (31)  give  the  concentrations  during  electroly- 
sis with  the  simplest  form  of  alternating  currents. 

In  the  very  simplest  case,  the  two  currents  will  be  equal 
in  strength,  i.  e.,  C,  =  — Cj,  and  the  beats  will  be  of  equal 
duration,  i.  e.,  6j  =  O,;  on  making  these  substitutions  it 
will  be  found  that  (for  both  odd  and  even  beats) 


[Fort=^^andx=l]      ^^  =  '  ['"Ct]  " 


(39) 


where  the  expression  in  square  brackets  denotes  the  corre- 
sponding values  of  (z  —  z^) /C,/  (at  /  =  00  and  x  =  I)  calcu- 
lated for  electrolysis  with  the  simplest  intermittent  current, 
Q  =  o,  6,  =  Oj. 

Thus  by  doubling  the  ordinates  of  the  "stationary''  curve 
in  Fig.  8  and  subtracting  unity,  points  may  be  obtained  for 
a  graph  of  the  concentrations  at  the  stationary  state  when 
electrolyzing  with  the  simplest  alternating  current,  where 
a6,  =  aOj  =  0.5.  Similarly,  ordinates  for  the  peaks  of 
the  stationary  curves  for  different  values  of  a6  may  be  ob- 
tained by  doubling  the  numbers  under  />  ==  00  in  Table  III 
and  subtracting  unity. 

In  some  cases  it  may  be  interesting  to  know  the  relation 
between  CJC^,  0^,  and  6,  that  will  just  bring  z  —  z^  to  some 
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previously  determined  value  at  the  end  of  a  given  beat  of 
current.  At  the  surface  of  a  silver  electrode  in  a  solution 
of  copper  salt,  it  may  be  assumed,  for  the  purpose  of  illus- 
tration, that  when  C  is  positive  silver  will  go  into  solution, 
and  that  when  C  is  negative  silver  (and  not  copper)  will 
be  redeposited  so  long  as  there  is  any  left  in  the  solution  at 
the  electrode.  If  there  were  no  silver  in  the  solution  origi- 
nally, part  of  that  dissolved  by  the  current  (during  the  "anode 
beat."  C  =  C^)  would  diffuse  away  from  the  electrode;  so 
in  order  to  prevent  the  deposition  of  copper  during  the  suc- 
ceeding "cathode"  beat  (C  =  C,,  where  C,  as  defined  by 
(8)  and  {iv)  is  negative)  either  C^  must  be  arithmetically 
less  than  C,  or  6j  must  be  less  than  6,, 

Assuming  that  the  two  beats  are  of  equal  duration  (6^  = 
6,),  and  that  the  stationary  state  has  been  reached,  the 
concentration  at  the  electrode  at  the  end  of  a  cathode  beat 
will  be  represented  by 

_       (C,_     ^  "V  I        e^*"' 


--^(^-)24^,i?^.- 


C40) 


Supposing  Zp   =  o,  i.  e.,  that  there  is   (practically)  no  silver 
in  the  main  body  of  the  solution,  the  smallest  value  of  C, 
that  will  prevent  the  deposition  of  copper  during  the  cathode  ' 
beats   (where  the  current  corresponds  to  C,)  may  be  calcu- 
lated by  setting  3=0  and  solving  for  C^/C,. 
The  result  is: 


I  _    8   -^  I        e"*"*i 


C4"> 


Values  of  the  expression  on  the  right  have  been  tabulated  J 
(for  another  purpose)  under  p  =  00  in  Table  III;  indicating  j 
them  for  the  moment  by  A'', 

C,/C,^—N/(i  —  m.  (416) 

The  values  in  the  following  Table  (IV)  have  been  calcu- 
lated  by    (416).      As    an    instance    of    their    application,    if  1 
a6|   =  a6j  =  0.5,  a  current  of  2.26   amperes   while    the   silver  i 
was   anode   would   be   needed   to   prevent   the   deposition   of  1 
copper  by  a  current  of  one  ampere  in  the  opposite  direction  ;.^ 
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and  a  quantity  of  silver  equal  to  that  dissolved  by  the  action 
of  K{2-26 — 1. 00)  =  0.63  amperes  acting  for  9,  +  Cj  = 
I  .o/a  seconds  would  pass  through  the  diffusion  layer  into  the 
outside  solution  during  each  cycle  of  i.o/a  seconds  duration. 


Table  IV 


a6j  ^  aft,  ^=      o      0.005  I o. 01  D. 05  o.  10 1 0.50 1 1. 00  1.50    2.00 
— CJC^  =  1 1.00 1 1,08    1 1,  II 1 1. 28 1 1.4212.26,3.5915.76!  9.31 

Conversely,  the  concentration  of  the  electrode  solution 
at  which  black  copper  begins  to  be  deposited  during  the 
electrolysis  of  copper  sulphate  solutions,  and  the  effect  of 
acid,  etc.,  on  that  concentration,  might  be  determined  by 
measuring  0,,  6,,  C,,  and  C,  in  suitably  planned  experiments. 

See.  4.— Periodic  Currents.    II.    Cycles  with  Four  Beats. 

One  case  only  need  be  considered  in  detail.  If  the  two 
currents  referred  to  in  the  discussion  of  cycles  with  two  beats 
be  obtained  from  a  commutator  made  of  copper  bars  sepa- 
rated by  some  insulating  material,  (30&)  and  (31)  are 
not  strictly  applicable;  for  in  reality  the  cycle  will  consist 
of  four  beats,  the  first  lasting  6,  seconds  with  a  current  corre- 
sponding to  C|,  the  second  for  the  short  period  d  seconds 
during  which  the  brush  is  passing  the  insulation  and  no  cur- 
rent flows,  the  third  for  6^  seconds  with  current  correspond- 
ing to  C„  and  finally  the  fourth  with  no  current  for  d  seconds 
again.  The  duration  of  the  cycle  may  be  represented  by 
8  =  6,  -t-  6,  +  2d. 

By  inserting  the  proper  values  in  {29c)  the  following  ex- 
pressions may  be  obtained : 


[For  p^^q  +  0   z  — 3o 


-fl»M 


Bm  COS  M<7; 


(4^) 


:   49   +   j]        S 

-I-  [fl  +  c. 


[Forp 


[  f— fait,  Id) _^ 


(42) 
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where 

If  d  =0,  the  two  equations  (42)  reduce  to  (306)  and  (31) 
respectively.  It  may  be  noticed  that  their  evanescent  terms 
are  identical. 

Sec.   5. — Periodic  Currents.      III.     Sinusoidal  Currents, 

Fourier  Form. 

If  the  diiBference  between  any  two  successive  currents 
be  infinitely  small,  and  the  number  of  currents  be  infinite, 
the  difference  C^  —  C^  — 1  i^  (296)  becomes  a  differential, 
and  the  summation  with  respect  to  r  becomes  an  integration. 
Values  for  the  concentration-changes  during  electrolysis  with 
a  sinusoidal  current,  where 

[At  and  after  t  =  o]    C  =  M  sin  (o)^  -f  a) 

may  thus  be  obtained. 

Writing  u  in  place  of  /^  to  save  printing,  (296)   becomes: 


—  Zq  =  Mxsin((»>t  +  a)  —  -^  ^.  — ^  sMe-*^*^  si 


stna 


+  j  Mcoe^"*'*^'*"**)  co^(a)u  +  a)du  ^cos  mg^,     (43^) 

o 

=  Mxsin{(»>t  +  a)  —  -«  ^.— AM  e^*^^^'  sin  a 


Ma)e-'«'«^ 


H i^— — Je^*^  ((jisintiit  -\-  a  +  ni'acostiit  +  a) 

—  (o)  sin  a  +  w'a  co^a)  ]>  cos  wg5.     (43&) 


=  Mxsin((»it  -f  a) 


8/Mo)  'N^  I   0)  sin  (iii  +  a  -\-  m^a  cos  tat  -\-  a  y, 

—  — 3^  ^i~-2 r"2~"i — 2 cosmg^ 

SlMa'S^m^asina  —  (jicosa        ,  ,  ^  ,      . 
-«—    >. 4  ^— — , e-*"  «'  co^  wg§.           (43c) 


2  M /5  "^Ti  m^a  sin  (tit  +  a  —  o)  cos  <jit  +  a 


r  2a mw+-^^ '°'  *««^ 

— r2j — ;;i^Mr^i^ — ^--^cosmg^.  (43d) 
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(43d)  being  derived  from   (43c)  by    using  (27)  and  writing 
n^k/41^  for  a  in  the  coeflScient  of  the  summation. 

The  last  term  on  the  right  of  (43c)  and  (43d)  constitutes 
the  ''evanescent  term",  while  the  first  term  and  the  first 
sum  together  in  (43c)  or  the  first  sum  in  (43d)  form  the  "sta- 
tionary term"  which  alone  remains  when  the  stationary 
state  is  reached.  If  co  =0,  (43)  reduces  to  (15)  with  M  sina 
in  place  of  C 

The  same  method  may  obviously  be  employed  for  ex- 
pressing the  concentration  changes  produced  by  currents 
which  vary  with  the  time  according  to  any  other  law.  Writing 
C  =  /(/),  (29)  becomes 

0  -  2„  =  %/«)  -  ^  2  i  £1  -  ^'"'^fe'""'f(u)du^cos  mgl    (44a) 

O 

/ 

=  ^21  ^*'**'  Ce'^*''''f{u)du}cos  wg5.  (446) 

o 

The  Stationary  State  When  l\^  is  Large 

The  exponential  multiplier,  e"**'*^,  causes  the  series  in  the 
evanescent  term  to  converge  more  rapidly  than  that  in  the 
stationary  term;  with  large  values  of  /  particularly,  the  con- 
vergence of  the  latter  is  very  slow.  In  the  next  section  an- 
other form  of  the  stationary  term  will  be  obtained  which 
is  more  suitable  for  computation;  here  it  is  proposed  to  find 
the  special  value  assumed  by  the  stationary  term  of  (43d) 

when  /  ^ ,    =  00  . 

The  stationary  term  may  be  written 

00  .       — 

22ni^akM sinitit  -\-  a 

n  =  I 

00 


2ibM  (1)  co^  0)^  -fa  ».       /       V 

cos  wg5.      (45«) 


n  =  I 
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while  n  increases  by  unity,    <ff  increases  by  A^  =  --v^. 

Introducing  these  symbols  (45a)  becomes 

V2. M  jm 0)/  +  a'^^  <ff^  cos H</f  .  . 
7^  ^  <i*  +  I    ^ 


11  =  1 

00 


^  A0.        (45^) 


;r/i  ^^^  +  I 

_  »•  =  I 

As  /  a/^  increases,  ^  decreases;  until  when  /  -v/^  =  00  ,  A^  =  rf^ 

and  the  summation  from  n  =  i  for  ^  =  ^  \~)^^  n  =  00 
becomes  an  integration  between  the  limits  o  and  00  . 


00 


[Forl^-  =  00  ]  5to^  /erwi  = ^^^^^^ J      ^,  _^  ^^ # 


o 

00 


o 

2^'      i  i 


By  using  the  partial  fractions       .    ,.  =  — - — v^. ,,., 

^^d  -  :— 77  =  — ,    ,2.   H —  ,v^,  where  i  =  \/ — i,  and  setting 

<|>'  alternately  equal  to  ipH  and  to  — (pH  these  integrals  may  be 

rrade  to  depend  upon  the  known  form 

00 

cos  n^ 


J  <))'  + 1  ^    2  ^  • 


Their  values  are: 

CO 


o 


(47) 


» This  use    of    the  letters  H,  4>  and  ^,  is   restricted    to   equations  (45) 
and  (46). 
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Introducing  these  values  in  (46a)  and  rearranging 

^  =  00]  Stat,  term  =  — -  e-f^^  cos  (o)/ -f  a  —  uB  +^)    (466) 
k  ju\^2  4  ^ 

^  ^^^''^^^^(^^  +  ^  —  /^i—^)'  (46c) 

This  expression  has  already  been  obtained  by  Warburg/ 
for  '7  =  00  /'-  direct  from  the  diflferential  equation,  by  means 
of  a  Fourier's  integral. 

Sec.  6.— Sinusoidal  Currents  Continued  (Hyperbolic  Form) 

The  expression  (43)  for  the  concentrations  throughout 
the  diffusion  layer  during  electrolysis  with  a  sinusoidal  cur- 
rent, which  has  been  deduced  in  the  preceding  section,  is 
in  many  cases  very  inconvenient  for  purposes  of  computa- 
tion. In  the  present  section  another  form  will  be  obtained; 
for  this  purpose,  however,  it  is  necessary  to  go  back  to  the 
original  differential  equation. 

In  (i),  viz.: 

2  —  D  =  Cx  +  JliAnsinEnX  +  BnCosEnx)er^n'^^         (i) 

the  * 'stationary  term'*  (S)  is  Cx,  it  fulfils  the  conditions 

[Solution  condition^  At  x  =  Oy  "bSfbt  =  o  for  all  values  of  t  (y) 
[Electrode condition]  At  x  ^  /,  dS/dx  =  C  for  all  values  of  t      (vi) 

while  the  "evanescent  term'*  (F),  viz.  the  summation,  is 
made  to  fulfil  the  conditions 

[Solution  condition]  At  x  =  o,  'dV/'dt  =  o  for  all  values  of  t  (viz) 
[Electrode  condition]  At  x  =  I,  d  V/dx  =  o  for  all  values  of  t  (ytii) 
[Initial  condition]      Att=^OfV-\-S=o  for  all  values  of  x     (ix) 

by  assigning  suitable  values  to  A^  B„  and  E„.  Each  term 
separately  is  a  particular  solution  of  the  differential  equa- 
tion (Hi). 

By  the  use  of  Fourier's  series,  as  illustrated  on  pg.  824, 
it  is  obviously  possible  to  make  the  evanescent  term  comply 

*  Wied.  Ann.,  67,  493  (1899). 
2  See  page  854. 
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with  the  three  conditions  vii^  viii,  and  ix,  no  matter  what 
5  may  be ;  so  that  if  it  were  possible  to  construct  a  stationary 
term  which  was  a  solution  of  (m)  and  for  which  in  addition 

[Solution  condition]  At  x  =  o,  dS/d^  ^=  o  for  all  values  of  t       (v) 
[Electrode  condition]  At  x  =  l^  dS/dx  = 

M  sin  (o)^  -f  a)  for  all  values  of  t,    (x) 

an  expression  could  be  obtained  directly  for  the  values  as- 
sumed   by    z    during    electrolysis    with    the  current   @^  = 

Q6s40@/Mksin{(i}t  -\r  a)  ^^^^^^^  /r.^^^^   q^,\ 
z^y  ^^^ ^^-j^ 1  amperes  (see  per.  821). 

I    -f  ZU/HZU  r  \  f  €>  / 

This  course  is  followed  in  the  succeeding  paragraphs, 
and  the  resulting  equation  (59),  while  identical  in  meaning 
with  (43),  is  much  more  convenient  in  form  for  certain  compu- 
tations. 

(a)  The  Stationary  Term,  S 

A  hint  as  to  the  general  form  with  which  to  begin,  is  fur- 
nished by  the  exponential  form  of  the  evanescent  term  in 

(I)- 

Let        S  =  (A^er*  +  A^e-rx^er'^t  4.  (B^e^  +  B^e-^)e^  *'.  (48) 

By  differentiating  it  will  be  seen  at  once  that  to  satisfy 
{v)  it  is  necessary  to  set 

A^  =  — Aj,     and     B^  =  — B^  (49) 

Because  of  (x)  —  writing  A  for  A^,  and  B  for  5„  and  putting 
M  sin  (<jit  +  a)  in  the  exponential  form*  — 

M 

rA(er'  4.  e-rl)er^^  -|-  XB{e^  +  e-^)g^'*<  =  '*^.  (g'(«<  + « )—e-« («'  +  «)) (50) 


are: 


^  The  relations  used  ia  making  the  transformations  of   these  paragraphs 

i  —  V — I 

2  cos  y  =  e'y  +  e-'y  2i  sin  y  =  e'y  —  c^'^ 

2  cosh  y  =  e^  +  e"~^  2  sinh  y  —  e^  —  e~^ 

sinh  2  y  =  2  sinh  y  .  cosh  y 

cosh  2  y  =  cosh*  y  +  sinh'  y 

cosh*   y  —  sinh*  y  «=»  i 

Vi  =  (i  +  i)/^2  log  nat  i  =  (—1)"  +  "(2n—  i)ir./2 

V — i  =  ( I  —  i)/  V2 


Mathematical  Theory  of  the  Changes  of  Concentration    851 

which  can  be  satisfied  by  setting 

Y^k  =  ici),      whence  y  =  (i  -\r  i)  ^~  (51) 

X^k  =  — ici),  whence  A  =  (i  —  t)  -%/ i? ,  (52) 

Introducing   these   values   of   A,   B,  y,   I  into    (48),  (Hi) 
(v)  and  (jc)  are  satisfied,  and  the  result  may  be  written 

S  =  ~  \(J  —  H)(Fcos  —  Gsin)  -\- (J  +  H)(Fsin  +  Gcos)]   (54a) 

=  ^^  { (JG — HF)  (sin — cos)  —  (HG  +  JF)  {sin  +  cos)  \ .  (546) 

— M  

=  —.^\(JG—HF)cos(^t-\-a—i7c  +  {HG-{-JF)stn(^t-\-a—i7c}  (54c) 

M 


=-  ^ V(F'  -f  G2)(//'  -hD  .  sin  (o)/  +  a  4-  r  — i^),  (54^) 

where 

F  =  coshlfi  cos  l^/ {cosHfi  +  sinhH^)^ 

G  =  —  sinh  Ifi .  sin  lfi/(cosHpL  +  sinh'lp.), 

H  =  sinh  fix .  cos  fix, 

J  =  cosh  fix .  sin  fix, 

y  =  tan-\JF  +  HG)/(HF-JG), 

''sin''  and  ''cos''  are  written,  in   (54a)    and    (546)    only,   for 
sin  (dit  -f  a)  and  cos  (o)^  -f  «)  respectively. 

Conversion  of  the  Hyperbolic  Form  of  S  into  the  Fourier 

Form 

To  check  this  result,  (54)  may  be  converted  into  the 
stationary  term  of  (43);  the  form  (54a)  is  the 
most  convenient  for  the  transformation.     It  is  first  neces- 
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sary  to  develop  /  and  H  as  series  of  sines  of  odd  multiples 
of  7rx/2l 

Writing    m  =  2n —  i,    P  =  2//i/;r,    6  =  nx/ily    the  series 
are: 

J  =z  cosh  fix .  sin  fix  =  cosh  P0  .  sin  PQ     = 

^,          ^""^  "^^^yirn^  -h  2P^)cosh la .  coi-Z/i  —  (w*  — 2P^)sinh la .  ^tn ///  .       ^ 
4P(— I)    »      ^ «.  +  4P4 "«"»Q- 

//  ==  ^m/t  /ix .  cos  fix  =  ^tnfe  PO .  co^  P0     = 

„,         *""'  -STiC^'  +  2P^)cosh  la .  co^  /«  —  {m^  —  2P^)sinh  la .  sin  la  .       ^ 
4P(-i)     »    ^ ^^  +  4P4 ^nme. 

On  carrying  out  the  multiplications  and  additions  indi- 


m  —  I 


cated  in   (54a),  writing  g  for  tt/^/,  and  replacing  ( — i)    » 
sin  w0  by  co^  twgS,  the  expression  for  5  becomes 

2Mk^S^m^^k  sin  (o)^  +  a)  — to  co^(a)/  4-  a)  >.      ,      ^ 

which  is  identical  with  the  stationary  term  of  (43) 

(6).  The  Evanescent  Term,  V, 

Let^  ]/  =  {Ae^'  +  Be^^^)e^L  (55) 

As  in  the  case  of  the  stationary  term,  condition  (vii)  re- 
quires that 

B  =  —A. 

Condition  (viii)  requires  that 

Afiie^^  +  e-^0^^*'  =  o  for  all  values  of  t 
which  may  be  satisfied  by  setting 

e^^  +  e~^'  =  o,  i.  e.    e^^^  =  — i,  or  /?/  :=  log  nat  t, 

whence 

r.  _   ( — i)"^  '(2n — i)t;r 

2/ 

where  n  is  any  positive  integer.     On  substituting  these  values 

*  This  use  of  the  letter  fi  is  restricted  to  (55). 
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of  B  and  j9,  (writing  one  term  for  each  value  of  j9)  and  con- 
verting into  the  trigonometrical  form,  (55)  becomes 

V  =  ^An%{—\Y  +  '  e        ^         Sin  ^ 7/"^»      (56a) 

=  ^.2i( — i)~~^  i4„e—***^*'  sinmgx,  (566) 

=  ^^21  An  e-*"'^^^  cos  wg§,  (56c) 

m  being  written  for  2n  —  i ,  g  for  7:/2l,  and  5  for  /  —  x. 
But,  by  (ix) 

— 2Mk^^ni?^k  sin  a  —  tiicosa  ,.        ,     . 

2tAnCosmgk  =  —j—2f'-  mY^  +  o)' ^''^'^^^-       ^^^^ 

Therefore, 

which  is  identical   with  the  evanescent  term  of  (43^)  since 
g^k  =  a. 

(c)  The  Complete  Expression,  S  +  V 

Thus  from  (54)  and  (58) 

[For  sinusoidal  current]      z  —  z^  =  5  -f  V 

M 

=  —7  ^i{F^  +  G»)(//'  +  P) .  sin  (o)^  +  a  +  T" i^) 

2Mk^S^w}asina  —  iiicosa        -^,  ^  ,     . 

-     Z     2i— mV  +  0.'    -  ^    ''cosmg^.  (59) 

Equation  (59)  is  the  * 'hyperbolic  form*'  of  (43). 

Values  of  z  —  z^  at  the  electrode  may  be  obtained  by  re- 
placing jc  by  /  (and  consequently  cos  mg5  by  imity).  Thus, 
when  the  stationary  state  is  reached 

[Stat,  at  elec]      z  —  2©  ~ 

M     Ik  ylsinh^2td  +  sin^2ul     .   ,    .   ,        ,  «    v         ,.  . 

where 


w^m- 
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and 

[at  electrode]  y  =*  ton    .  ,      y.  (61) 

With  increasing  values  of  /jt/,  cos  //i  and  sin  //i  vanish 
in  comparison  with  sinh  /jt/,  while  sinh  2/jtf  approaches 
equality    with    2    sinh'    //i.      The    value    of     the    fraction 

V^'nfe»2/;/  +  ^tV2//i  ^j^^g  approaches  2,  and  the  value  of  *V  at 

stnJrl/i  +  cosHfi 
the  electrode"    (61)  approaches   zero.     Thus  from    (60) 

[For  /  =  00,  a/  electrode]  z  —  Zq=  M-W-  sin  (co/  -f  a — ^;r).     (62) 

The  same  results  may  be  obtained  by  setting  5  =  o  in 
(46c);  by  means  of  (60),  however,  the  limits  within  which 
the  convenient  equation  (62)  may  be  used  can  be  ascer- 
tained. By  looking  up  tables*  of  the  hyperbolic  functions 
it  will  be  found  that  the  substitution  of  (62)  for  (60) 
cannot   introduce   an   error  of    more  than  one-half  percent 

if  //i  «  ^\^  ^  3-     Assuming   co  =  377    (i.  e.,   60  cycles   per 

second),  and  A?  =  4  X  10"^  (an  average  value)  it  follows  that 
/  is  practically  ''infinite"  for  the  purposes  of  this  equation 
when  it  reaches  5  X  10"^  centimeters. 

Amplitude 

When  the  stationary  state  is  reached,  the  values  of  z  swing 
equally  above  and  below  z^ ;  the  maximum  values  of  z  —  z^ 
being  reached  when  sin  (o)/  +  a  +  y-  —  \n)  =1.  An  ex- 
pression for  the  ''amplitude"  may  accordingly  be  found  by 
substituting  this  value  in  the  stationary  term  of  (59), 
or  in  (60)  if  the  amplitude  at  the  electrode  be  sought. 
From    (46c)    it    follows    that    when    /  =  00     the    amplitude 

at  any  point  in  the  diffusion  layer  is  -~^-  e-f^- 

Lag 
The  electric  current  is  at  its  maximum  when  co/  +  a  =  4^;r; 

*  Smithsonian  Mathematical  Tables;  Hyperbolic  Functions,  Washington, 
published  by  the  Smithsonian  Institution  1909. 
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when  the  stationary  state  is  reached,  the  concentration  reaches 
its  maximum  whenever  u(  +  a  +  j-  —  \n  —  -^n  (see  Eq. 
59).  The  difference,  ^n —  j-,  gives  the  phase  diiference 
or  "lag"  of  the  concentration  wave  behind  the  wave  of  cur- 
rent at  the  stationary  state.  The  lag  at  the  electrode  may 
be  found  by  computing  j-  from  Cei)  and  subtracting  from 
t/4- 

The  angle  7-  is  a  function  of  Ifi  whose  value  rapidly  falls 
off  with  increase  in  Ip,  while  alternating  in  sign. 

Illustration 
As  an  illustration,  a  number  of  values  of  (2  —  Zo)/M  at 
the  electrode  have  been  computed  for  the  case  that  ft  =4  X  io~', 
/  -  3.14  X  io~',  u  =  377  (60  cycles  per  second),  and 
a  —  ix  (i.  e.,  at  the  moment  of  throwing  on  the  current, 
the  latter  is  at  its  maximum).     Fig.  9  gives  a  graph  of  the 
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evanescent  term,  of  the  stationary  term,  and  of  their  sum, 
i.  e.,  the  values  of  (2 — 2o)/M  at  the  electrode.  The  "cur- 
rent" wave  is  drawn  on  an  arbitrary  scale  to  illustrate  the 
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^^M           difference  in  phase,  (lag).     Figs.  10  and  11  apply  to  the  same        ^^^^B 
^^M            case;  the  areas  abc,  cde,  etc.,  above  the  curve  correspond                 H 
^^H            to  the  expression  within  the  i  |  brackets  of  (29^).                                       H 
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Figs,  10  and  1. 

Sec.  7.— Superposed  Currents 

;e  all  the  equations  of  this  Part  satisfy  the  same  "initis 
ion  and  the  same  "solution"  condition,  and  since  t 
f  a  number  of  solutions  of  the  linear  differential  equ 
m)    is   likewise   a   solution,   the  concentration   chang 

ced  by  any  number  of  currents  acting  simultaneou 

be  obtained  by  adding  together  the  right  hand  me 
f  the  equations  which  give  the  concentration  chang 

fvould  be  oroduccd  bv  each  current  taken  separate 

^H             Thus  the  effects  produced  by  approximately  sinusoidal  currents      ^^^H 
^H             could  be  computed    if    the    current    were    analyzed    tn    the      ^^^^H 
^H               ordinary-  way,  and  expressed  as  the  sum  of  a  pure  sinusoidal      ^^^^H 
^H               current  and  its  higher  harmonics.                                                           ^^^^H 
^H                   Other  problems  may  be  handled  in  the  same  way.     Sup-      ^^^^H 
^H              pose,    for    mstance,    that    the    sinusoidal   current    for    which      ^^^^H 
^^K              C  =  M  sin  (u,t  +  a),  and  the  direct  current  for  which  C  =  C      ^^^^H 
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both  enter  the  solution  by  the  same  electrode;  when  the  sta- 
tionary state  is  reached,  the  amplitude  of  the  concentratioo 
variation  at  the  electrode  caused  by  the  sinusoidal  current 
alone  would  be 


M     I  k  'isink*2{d  +  sin'jpi 


(63) 


while  that  caused  by  the  direct  current  alone  would  be  zero; 
(63)  thus  gives  the  maximum  deviation  of  z  above  and  below 
the  centre  of  swing.  If  the  sinusoidal  current  acted  alone, 
the  centre  of  swing  would  be  at  z  =  z^;  if  the  direct  current 
acted  alone,  the  centre  would  be  at  z  =  «„  +  C^l;  thus 


C.h 


M     Ik  ^sinh^2[il  +  sm*2ftl 


iinh'/d  +  cof'fd 


(64) 


gives  the  lowest  value  of  z  —  z^  reached  at  the  electrode 
during  electrolysis. 

If  the  electrode  were  of  silver,  for  instance,  in  a  solution  of 
copper  sulphate  practically  free  from  silver  (i.  e.,  z^  =  o), 
the  ratio  between  the  two  currents  that  would  just  prevent 
the  concentration  of  the  silver  salt  at  the  electrode  from 
falling  to  zero  during  the  cycle  might  be  found  by  setting 
the  expression  (64}  equal  to  zero  and  solving  for  \'2  Ci/M 
(since  the  reading'  on  the  alternating  current  ammeter  is 
proportional  to  M/Vi.and  that  on  the  direct  current  ammeter 
to  C,).  This  ratio  is  a  function  of  Pia/k,  i.  e.,  of  the  time 
constant  and  of  the  duration  of  the  cycle.  If  *  =  4  X  io~*, 
/  =  3.14  X  io~*  cm.,  and  w  =  377,  the  reading  on  the  direct 
current  ammeter  would  be  0.469  times  that  on  the  alternat- 
ing. 

li  fd  >  =  3,  the  sink  fraction  in  (64)  is  very  closeJy  equal 
to  2.00,  and  C,/Af  =  <k/l<b>. 

Measurements  of  this  nature  might  prove  an  easy  means 

'  In  order  thai  ihjs  may  be  true  exactly  as  stated  in  the  case  under  con- 

wderation  it  is  necessary  that  the  composite  current  be  obtained  synthetically 
from  two  seiiaiftte  circuits  having  the  cell  in  their  only  common  part.  The 
alternating  current  ammeter  must  then  be  in  the  alternating  airrent  circuit 
and  not  in  series  nith  the  cell. 
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of  finding  the  ratio  k/P\  if  a  "limiting  current"  were  like- 
wise determined  {see  pg.  830)  the  two  measurements  would 
give  both  k  and  /. 

PART  II 
THE  REACTION  AT  THE  ELECTRODE  CHANGES  WHEN  2  AT 
THE  ELECTRODE  ATTAINS  THE  VALUE  X. 
At  the  cathode  in  an  acid  solution  of  copper  sulphate, 
the  concentration  of  the  copper,  z,  decreases  when  the  cur- 
rent is  thrown  on ;  all  values  of  z  —  z^  will  therefore  be  nega- 
tive, they  may  be  computed  by  (15c)  remembering  that  G 
as  defined  in  the  Introduction,  and  therefore  C  as  defined 
by  (8),  are  negative.  The  curves  oarf  for  at  =  0.25,  o6e 
for  oi  =  0.35,  o/g  for  at  =  0,50,  and  ok  for  /  =  00,  in  Fig. 
12   were   so  obtained;  they  differ  from   the  corresponding 

.  \A3lues  of  V/-r 


curves  in  Fig.  1  only  in  scale,  and  in  that  2  —  z^  is  meas- 
ured downward  to  indicate  decrease  in  z  as  the  electrode  is 
approached. 

As  noted  on  pg.  832,  {15c)  merely  fixes  a  relation 
between  (z — z^)/Cl,  xH,  and  at.  irrespective  of  the  absolute 
values  of  z,  x,  and  t;  the  values  of  {z  —  ^^'^ICl  correspond 
to  z  =  o,  and  therefore  the  height  in  the  figure  of  the  hori- 
zontal line  corresponding  to  z  =  o,  will  vary  from  case  to 
cfise.     Assuming  it  to  have  the  position  given  by  kd  in  Fig. 
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12,  0  at  the  electrode  will  reax:h  zero  at  at  =  0.25;  from  that 
moment  on,  Eq.  (15)  which  predicts  still  further  fall  in  z 
(as  indicated  by  the  dotted  lines  obe,  o/g,  oh)  ceases  to  be 
applicable,  and  must  be  replaced  by  another. 

Sec.  8.— Constant  Current 

This  new  equation  must  be  a  solution  of  the  differential 
equation  (m.  Kick's  law,  pg.  820),  it  must  also  fulfil  the 
"solution  condition'*  (i,  pg.  818),  but  the  * 'electrode  condi- 
tion (iv,  pg.  821)  must  be  replaced  by 

[Electrode  condition]  At  x  =  /,  and  />fj,  dz/d^  =  o      (xt) 

which  says  that  from  a  certain  value  of  /  {viz:  0)  onwards  > 
the  concentration  at  the  electrode  remains  unaltered  at  the 
value  Cl  at  the  cathode  in  the  copper  solution  C  =  o. 

The  *  initial  condition**  (ii,  pg.  819)  also  must  be  replaced,  by 

[Condition  at  t  =  d]  z — 2o  = 

C.x ,-    ^i  — 2  •  ^      ^    '  cos  —  ^—. — -  [xii) 

signifying  that  at  /  =  i^,  the  values  of  z  are  those  caused  by 
the  operation  of  the  constant  ciurent  Cj  for  0  seconds. 

From  (i),  introducing  the  special  values  of  B„  and  D 
from  (3)  and  (4),  and  writing  c  instead  of  C,,  g  instead  of  n 
and  p  instead  of  E^  to  avoid  confusion  with  the  formulas 
of  Part  I,  the  equation 

00 
z  —  2o  =-  cx  -\-  ^S  Ag  e-P'^^  sin  px  (65) 

q  =  i 

may  be  obtained,  which  satisfies  (m)  and  (t).  To  satisfy 
{xi)  it  is  necessary  that 

P  =  7  (66) 

as  may  be  found  by  diflFerentiating,  etc.,  in  the  manner  illus- 
trated on  pg.  823. 

At  the  electrode,  2:  =  Ci  and  x  =  /,  (hence  sin  px  =  0} 
so  that 

c  =  ^~^^  (67) 
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Introducing    these    values    of    p    and    c,     (65)    becomes 

z  —  Zo  =  ^-j^  x+^A,e     -pTsin^,  (68) 

and  satisfies  i,  Hi,  and  xi. 

To  introduce  (:rn),  the  two  expressions  for  z  —  z^  at  the 
moment  t  =  0  obtainable  from  (xii)  and  (68)  may  be  equated; 
replacing  (C  —  Zq)/1  by  its  value  from  (xii),  viz,: 

X,  —  2^     ^       8Q^        I  -(2«-ip^         (2n—i)7r(l—x)  ,^  , 

/  *      ;r' -^J(2n — i)'  2/  ^^ 

m 

and  rearranging 


2  ^^  ^     '^   -^^^    /    = 


^  =  1 


SIC,^        I  -(an-,)«.«A^.        (2n— i)7r(/— x)       x\,       , 


= i—    >7 T^.^  ^''  >  -^ 1,  iT'^tW-^-  (706) 


«  =  I  ^=  > 


(706)  being  obtained  by  substituting  an  equivalent  Fourier's 
series  for  the  expression  in  brackets  at  the  right  of  (70a) 
(see  Appendix). 
The  value  of  i4^  may  now  be  found,  for  any  fixed  value 


00 


of  q,  by  removing  the  ^S  sign  from  both  sides  of  (706)  and 


^  =  1 


simplifying.     Inserting   the   value   so   found    in    (68),   there 
results : 


z — 2o  = r-^  X  4- 


I6/C,(-  I)^  +  '  XI  X^  _jn 07^ 

n'  2a2j     q{^n^^i'  —  4q')     '^^   I        ^^'^ 


n= I y  =  1 

which  satisfies  all  four  relations  i.  Hi,  xi  and  xii. 
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00         00 

The  symbol  ^  ^V  signijfies  that  the  value  of  the  expression 

11=1  ^  =  1 
on  the  right  of  (71)  is  to  be  computed   for  each  value  of  q 

(for  instance  q  =  i)  combined  with  every  value  of  n  (n  — 
I,  2,  3,  .     )  in  turn;  then  for  the  next  value  of  q, 

(q  =  2)  combined  with  every  value  of  n,  and  so  on;  the  sum 
of  all  these  results  is  to  be  used  in  finding  2  —  z^. 

Equation  (71)  is  applicable  whenever,  for  any  reason,  the 
concentration  2  at  the  electrode  remains  constant  after  reach- 
ing a  certain  value  C-  The  case  C  =  o  is  no  doubt  the  com- 
monest, but  cases  where  C  —  2rQ>o  may  perhaps  be  met 
with  where  the  product  of  electrolysis  crystallizes  at  the 
electrode  thus  forming  •  a  saturated  solution  there ;  other 
cases  where  C  differs  from  zero  may  be  sought  in  the  electroly- 
sis of  solutions  containing  excess  of  a  second  salt  whose 
decomposition  voltage  is  only  slightly  greater  than  that  of 
the  salt  to  whose  concentration  2  refers. 

Illustration 

In  the  case  taken  as  illustration,  (f  =0,  ad  =  0.25)  the 
constant  current  C,  brings  the  concentration  at  the  electrode 
from  2q   to  zero  in  0.25/a  seconds;  therefore,  from   (22a), 

CJ  =  — 2.78420. 
Hence 

[for  o<  /  <o.25]      (Zo  —z)/z^  = 

2.784  ^  —  2.257  ^.  — ,  e-*«*^  cos  mg5,      (from  15c) 
and 


[/orr>o.25]      {z^—z)/z^  = 

C»  00 

x/l-  1.436  (-1)'^  2^  ~-^rn^ZI2gf) •  «'~V'    (^™™  71) 


g—AgHat  —  0.25)  —  0.25  m^ 

q{w}  —  ^f) 

whence, 


At  the  points  x/l  =  o    0.25       0.50      0.75       i.oo 

*  when  at  =  0.35,  (2  —  ^o)/Q^  =  o     0.039     0.097     0.208     0.359 
^  when  at  =  0.50,  {z  —  2^)IC^  =  o     0.058     0.138     0.237     0.359 

*  Corresponding  values  of  (2©  —  2)/zq  may  be  obtained  by  multiplying  by 
2.784. 
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These  points  determine  the  curves  obd  and  ocd  in  Fig. 
12;  o/d,  the  straight  line  joining  o  and  d,  gives  the  concen- 
trations at  /  =  00 . 

Sec.  9. — Successive  Currents 

At  some  moment  /  (t>^),  suppose  that  the  cturent  corre- 
sponding to  Cj  is  changed  to  a  current  corresponding  to  C,. 
In  the  case  chosen  for  illustration  (C  =  o) ,  if  C,  be  numerically 
greater  (algebraically  less)  than  C^  2  at  the  electrode  will 
remain  equal  to  C;  if  C,  lie  between  C^  and  the  limiting  ctu"- 
rent  corresponding  to  C  (viz.:  C  =  (C  —  z^)/!,  Eq.  24)  the 
concentration  at  the  electrode  will  ultimately  remain  at  C> 
although  if  /  —  t^  be  not  too  great  it  may  momentarily  rise 
above  C  and  then  fall  again. 

If,  however,  C,  be  (numerically)  less  than  C,  the  concen- 
tration at  the  electrode  will  rise  permanently  above  C-  From 
the  moment  t^  at  which  this  change  of  current  occurs,  the 
following  conditions  will  hold,  viz,: 

[Pick's  law]  hzfbt  =  k^^zfbx^  {Hi) 

[Solution  condition]    For  x  =  o,  'bz/'bt  =  o.  (t) 

[Electrode  condition]  For  x  =  /,  "bzfbx  =  C,.  (iv) 

['*  Initial  **  condition]  For  t  =  t^,  z  —  z^  =  an  expression  obtain- 
able by  writing  t^  for  tin  (71).  (xiti) 

The  first  three  may  be  complied  with  by  setting  t  =  t^ 
in  (i),  and  substituting  the  values  oi  B„,  D  and  E„  given  by 
(3)1  (4)1  and  (7)  respectively;  v  is  written  instead  of  nto  avoid 
confusion  with  the  first  summation.  To  introduce  the  **condi- 
tion  at  /  =  //*  the  expression  on  the  right  of  (xiii)  must  be 
converted  into  a  series  proceeding  by  sines  of  odd  multiples 
of  7:x/2l  (see  Appendix);  the  AJs  may  then  be  foimd  in  the 
usual  way.     On  carrying  out  these  operations  there  results: 

00 
[Fori>t,]2-z^=  C^  +  °,  (^° - C,)  2  e-"-'^-''}  cos  mg^ 


n  =  I 
00        00        00 


i28Ci/>ir<^^  e^P . JOS  (2v— 1)7:^ 

'n*  '  2j^^  Wn—V  —  ^(f) (2l;^:^2 _ ^^2^ .       K12) 


n—\q=\  V  = I 
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where,  as  usual,  TO  =  aw  —  i,  g  =  ic/sl,  a  -  n'Jfe/4/',  5  -  /- 
and  the  exponent  of  e  (indicated  by  "exp"  in  (72))  is 


^(2, 


i)'.j  +  4<i'(i,—^)  +  {2v—i)'(i-i,n    (73) 


If  /,  - — e  he  very  large,  the  exponential  factor  of  the  triple 
sum  becomes  zero,  and  only  the  first  two  terms  of  (72)  re- 
main. Large  values  of  t,  —  1?,  however,  correspond  to  a 
linear  fall  of  concentration  throughout  the  diffusion  layer 
at  the  moment  (  =  I,;  the  single  sum  term  of  (72)  can  ac- 
cordingly be  deduced  from  (1),  (3},  (4),  and  {7)  by  intro- 
ducing the  condition. 

[For  l  =  i,]  z^—z  =  (.x^-Dx/l.  {xiv) 

in  place  of  (xiit),  or  it  may  be  derived  from  (31),  the  general 
equation  for  a  cycle  of  two  beats,  by  making  6,  =  00  see; 
(3=). 

Illustration 

If  for  instance  the  constant  current  corresponding  to  C, 
which  brings  the  concentration  at  the  electrode  to  zero  at 
at  =  0.25  (see  preceding  section)  persist  till  at  =  0.50,  the 
values  of  (z  —  2o)/C,/  at  the  electrode  „  ^. 
from  a(  =  o  to  a(  =  0.25  will  be  given 
by  points  on  the  curve  oa^  of  Fig.  13, 
which  except  in  scale  and  the  direc- 
tion in  which  (z^z„)/C,l  is  measured, 
is  identical  with  the  first  part  of  the 
curve  of  Fig.  3.  From  at  =  0.25  to 
at  =0.5  the  concentration  will  remain 
stationary  at  z  =  o  (Fig.  13,  line  ad). 

Now  let  the  current  be  shut  off  and  -0.3  - 
be  succeeded  by  a  pause  (Cj  =  o)  last- 
ing from  at  =  0.50  till   at  =  1.0,   as   ui 
the    "special   case    of    interrupted  tcur-  '''^'  '^ 

rents"  illustrated  in  Sec,  3.  The  concentrations  at  the  elec- 
trode will  rise,  following  the  curve  de  of  Fig.  13,  points  for 
which  have  been  calculated  by  means  of  (72). 
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To  show  the  effect  of  the  new  electrode  condition  [xi), 
the  curve  for  o(  =  o  to  o(  =  i.o  of  Fig.  8  has  been  drawn 
again  in  Fig.  13;  it  is  represented  by  the  broken  line  oabc. 
The  curve  df  {points  for  which  were  computed  from  the  first 
two  terms  only  of  Eq.  72)  gives  the  concentrations  that  would 
be  found  during  the  second  beat,  if  the  first  current  had  per- 
sisted long  enough  to  bring  about  a  linear  concentration 
gradient  throughout  the  diffusion  layer.  The  difference 
between  de  and  df  in  Fig.  13  corresponds  to  that  between 
ocd  and  ofd  in  Fig.  \2. 

An  equation  involving  triple  summation  would  suffice  to 
trace  the  concentrations  during  the  first  part  of  the  third 
beat,  i.  e.,  until  the  concentration  at  the  electrode  again  be- 
came zero;  but  each  time  the  "electrode  condition"  changes 
from  (iv)  to  {xi)  or  back  again  the  order  of  the  summation 
is  increased  by  unity.  Simplifications  are  introduced  if 
one  of  the  beats  is  of  long  duration;  but  in  general  it  would 
probably  be  easier  to  plan  experiments  in  which  the  condi- 
tions discussed  in  this  Part  are  avoided,  than  to  carry  out 
the  computations  that  would  otherwise  be  necessary.  Il- 
lustrations of  how  this  may  be  accomplished  are  given  in 
Part  III. 

PART  III 
SECONDARY  REACTIONS 

In  Parts  I  and  II  of  this  paper  all  changes  of  concentra- 
tion occurring  in  the  solution  during  electrolysis  have  been 
ascribed  to  electrolytic  migration  and  to  the  diffusion 
of  the  products  of  electrolysis  from  the  electrode,  or.  as  the 
case  may  be,  to  the  diffusion  toward  the  electrode  of  such 
of  the  constituents  of  the  solution  as  were  consumed  at  that 
point.  It  will  now  be  assumed  that,  apart  from  the  effect 
of  diffusion,  the  concentrations  of  the  products  of  electroly- 
sis may  be  lowered  by  the  occurence  of  "secondary"  re- 
actions, 1.  e.,  reactions  between  the  products  of  electrolysis 
and  the  other  constituents  of  the  solution;  and  the  special 
assumption  will  be  made  that  the  rate  at  which  such  reac- 
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tions  proceed  is  proportional  to  the  concentration  of  the 
substance  whose  concentration  is  represented  by  s. 

The  rate  of  change  of  concentration  of  such  a  constituent 
at  any  point  in  the  diffusion  layer  will  therefore  be  repre- 
sented by 

[Differential  equation]  iz/bl  =  kyz/bx'  —  Kz,  (xiv) 

where  K  is  the  "velocity  constant"  of  the  secondary  reaction. 
As  is  well  known,  K  in  general  depends  on  the  temperature, 
and  on  the  concentrations  of  the  other  constituents  of  the 
solution,  and  even  if  these  factors  be  kept  constant  many 
reactions  have  been  discovered  for  which  the  rate  is  not 
proportional  to  the  concentration  of  the  disappearing  sub- 
stance; there  are  enough  cases  in  which  the  rule  holds,  how- 
ever, to  make  it  worth  discussion,  while  to  assume  that  the 
rate  might  be  proportional  to  any  other  than  the  first  power 
of  z  would  wholly  change  the  nature  of  the  differential  equa- 
tion. 

The  suggestion  that  the  rates  of  such  almost  "instantaneous" 
reactions  as  that  between  copper  salts  and  cyanides  might 
be  determined  by  electrolytic  experiments  is  due  to  LeBlanc, 
who  has  already  carried  out  a  number  of  experiments  from 
which  the  order  of  magnitude  of  such  rates  may  be  inferred. 
The  following  paragraphs  suggest  methods  for  determining 
K  directly;  if  carried  out  at  different  temperatures  and  with 
different  concentrations  of  the~  other  reagents,  the  effect 
of  these  factors  on  the  rate  of  the  reaction  might  also  be 
determined. 

To  simplify  the  discussion,  it  will  further  be  assumed  that 
the  secondary  reaction  is  practically  "complete,"  i.  e.,  leads 
in  time  to  the  total  destruction  of  the  primary  product  of 
the  electrolysis;  thus  the  z^  of  Parts  1  and  II  becomes  zero, 
and  conditions  (i)  and  (it)  are  replaced  by 

[Solution  condition]  At  x  =  o,  z  =  o  for  all  values  of  I        (xv) 
[Initial  condition]     At  t  =  o,  z  =  o  for  all  values  of  x      (xvi) 
while  the  electrode  condition  remains  the  same  as  before 
[Electrode  cnndilion]  At  x  =  I.  Bz/Si  =  G/k  -  C.  (tv) 
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Sec.  10. — Constant  Current 

The  * 'stationary  term'*  of  the  new  equation  may  be  found 
by  setting  bz/bt  =  o  in  (xiv),  whence 

[i4M  =  oo]      o  =  k.dh/dx^  —  Kz  (74) 

the  solution  of  which  is 


z  =  A^coshhx  +  A2sinhhx^  where  b  —  ^K/k.  (75) 

Condition    {xv)   leads  to  A^  =0,   and    {iv)   to 

A,  =  C/{bcosh  bl), 
so  that  the  stationary  term  becomes 

{Fort  =  00      2  =  C  sink  bx/(b  cosh  bl,)  (76) 

The  evanescent  term,  which  must  satisfy  {xiv)  and  {xu), 
and  for  which  at  the  electrode  'bz/'bx  must  equal  zero  (so 
as  not  to  interfere  with  iv)^  may  be  derived  from  the  form 

2  A.  e-^'^  +  "'<»)' cos  (^n-iMl-x)  ^^^^ 


n  =  I 


by  determining  the  coefficients  A,,  so  that  at  /  =  o  the  sum 
of  stationary  and  evanescent  terms  will  vanish,  i.  e.,  so  that 

'S'  A    rn,  ^^^~  iM/  — x)  _        C  .  sinhbx 


«  =  1 


This  is  accomplished  (as  illustrated  in  Sees,  i  and  8)  by  ex- 
panding the  hyperbolic  expression  as  a  series  of  sines  of 
m7:x/2l,  and  introducing  in  (78). 

Combining  stationary  and  evanescent  terms,  the  solution 
of  (xiv)  which  satisfies  (xv),  (xvi),  and  (iv)  is  found  to  be 

C  sinh  bx       ikC  'ST'  e~^' 
z  = 


2kC  ^e-^'  ,  ,     , 
^  ^  -T-  coj  mgS  (79) 


b  cosh  bl  I     ^^^    (j) 

where  C,  k,  /,  /,  x,  have  the  meanings  implied  in  (xiv),  (ocv) 
(xvi)  and   (iv)  and  explained  at  length  in  the  Introduction 

and  Part  I;   m  =  (2n —  i),  g  =  ;r/2/,  5  =  /  —  x,  6  =«  ViC/Aj, 
and     ^    is    written    for    K  +  m^a  =  K  +  (2n — i)^rc^k/^P. 
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>  is  used  for  ^S.     An  expression   for  the  concentrations 


[For 


■n 


lo) 


at  the  electrode  may  be  obtained  by  setting  x  =  /  in  (79). 
C  ,     ,  . ,      ikC-^  e-i 
■4  '««»»'-    ,    2,4,- 

On  consulting  tables  of  the  hyperbolic  functions,  it  will 
be  found  that  when  6/<o.i5,  tank  bl  may  be  replaced  by 
bl  with  an  error  not  exceeding  eight-tenths  of  one  percent; 
the  stationary  term  then  becomes  CI  as  in  (15).  Assuming 
^  =  4  X  lo"'  as  in  the  former  illustrations,  bl  =  I  <K/k  <  0.15 
implies  it  <  0.09  when  I  =  10"'  cm,  and  K  <^  9.0  when 
/  =  10"'  cm.  Perhaps  the  highest  values  of  K  that  can  be 
measured  satisfactorily  by  the  direct  methods  of  chemical 
kinetics'  do  not  exceed  K  =  0.09,  corresponding  to  a  fall 
of  the  concentration  to  one  half  its  original  value  every 
eight  seconds,  thus  if  the  secondary  reaction  takes 
place  at  any  ordinarily  measurable  rate,  the  stationary  term 
of  (80)  becomes  CI. 

On  the  other  hand,  when  bl  >  3.0,  lank  bl  may  be  replaced 
by  unity  with  an  error  not  exceeding  one-half  percent; 
and  the  stationary  term  of  (80)  becomes  CV^//C,  =  Gf-iKk. 
Assuming  ^  =  4  X  10''  as  before,  this  gives  if  >  36  if 
/  =  10"'  cm,  and  K  >  3600  if  /  =  10"'  cm  as  the  values 
that  must  be  reached  by  K  if  this  approximation  is  to  be 
employed. 

Erf  approximation.  Evaluation  of  the  evanescent  part  of  (So) 
by  simple  addition  of  the  terms  is  quite  impossible  when  K  is 
large,  on  account  of  the  slow  convergence;  if  at  be  small,  how- 
ever, an  approximately  equivalent  expression,  based  on  the  equa- 
tion of  Thomson  and  Cayley  (Eq.   18)  may  be  employed. 

Writing 

2kC    "^ 


/\Zj\   K  +  ^a         K~+vi'~a) 


itC 

i 


■/(.-- 2^- 


'  Such  a  case  was  studied  by  Miss  Benson,  Jour.  Phys,  Chem.,  7,  356  (1903). 
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the  summation  in  the  last  expression  may  be  replaced  by 

its  approximate  value  {viz.:  \\—.\  from  (20),  and  the  term 

2kC  "NT^        I  C 

—r  ^if^^ — 3-   by  its  equivalent  viz,:  j    tank   bl,   so    that 

J-  tank  hi J-  ^^  —j-  =   {approximately) 

kC 


^Vl/--^^'  =  lS/  '^'y-  ^''^ 


o  o 


and  equation  (80)  reduces  to 


2C  r       y.        G    2 


[For  at  small]      z  =  ^  C     e-^  dy  =  -— ^  4:  Erf<kt-     approx.    (83) 


y 

Values  of  the  "probability  integral/'  -4  Erf  y  =  ^  \  e-^  dy 


o 


are  tabulated  in  most  books  on  Least  Squares/  when  the 
argument  is  zero,  the  probability  integral  is  likewise  zero, 
and  the  integral  reaches^  0.99T  when  the  argument  reaches 
1.8;  the  maximum  value  of  the  integral  is  unity. 

Sec.  11. — Successive  Currents  in  General 

To  obtain  an  expression  for  the  concentrations  when  a 
current  corresponding  to  C.,  after  passing  for  the  interval 
/  =  o  to  /  =  /p  is  succeeded  by  a  current  corresponding  to 
Cj  which  persists  from  /  =  /,  to^t  =  t^,  and  so  on,  as  described 
in  Sec.  2,  (79)  may  be  written 

-  r-     .       .T  CoSinhbx       .^        ^.   sinhbx 

[Fort^t,]      z=  ^^^  -  (C,  -  C.)  ^- ^^^-^ 


*  For  instance,  Merriman  and  Johnson  each  give  a  four-place  table, 
while  Bertrand  (Calcul  des  ProhahiliUs)  and  De  Morgan  {On  Probabilities)  each 
give  a  seven- place  table,  the  argument  in  each  case  advancing  by  0.0 1.  A 
far  more  elaborate  table  in  which  the  argument  advances  generally  by  0.001 
is  given  by  Burgess  Trans.  Edin.  Roy.  Soc,  39,  257  (1899). 
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Proceeding  as  indicated  in  Sec.  2,  the  general  expression 
for  the  concentrations  during  the  pth  beat  may  be  obtained : 

00 
--^      .       =.^=^  T  ^    stnhbx        2k'^^  i)^      j. 


11  =  1 


+    S    (Cr  —  Cr^i)e-*('-'r-i)lcosmg^,      (85a) 


00 
xttih  hr:  ok  ' 

=  c, 


,    sink bx^-^k^i^^rr,  _ 
"bcoshbl        i  ^ib\    "       " 


+  ,?,  C(<i>T.-,  — 4>T.)|co5mg5,  (856) 


where 


T,.  =  /  —  /,.,  and  4>Tr  =  e-<^«-M, 

whence  the  expressions  for  the   concentrations   during  the 
progress  of  odd  and  even  beats  in  two-beat  cycles : 

TTT     A    ^^1         C^sinhhx^2k^^       /-nX'^"^''    e'l^  —  e^^i  . 

[For  p  odd]  2  ^-^^^^^^-^   ^(C,-C,)2,^  .-^^^--^cosmgk 

2  jb  "%ri  er~^*  c^*  —  ^^*' 

—  7  ^  -^   Ki  +  (Q  —  Ci)  -^(j^::^- 1  cos  wg5.    (87) 

From  (86)  and  (87)  expressions  for  the  amplitude  and 
for  the  concentration  at  the  centre  fof  swing  in  the  case  of 
two-beat  cycles  may  be  obtained   (see  pg.   839);  they  are: 

[Amphtude]       1(C-Q^^^^^^^ 
[At  centre]     ^  =  i(C^  + C,)  ^^Ml 

+  I  (c, — c,)  2 1  •  ^^fErr  '^"^  *"^^'   ^^^^ 
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When  6,  and  6„  are  very  large,  the  concentrations  at  any 
point  in  the  diffusion  layer  oscillate  between  (C,  sink  bx)/ 
(b  cosh  bl)  and  (Q  sink  bx)/(b  cosh  bt);  when  6  is  very  small, 
the  amplitude  is  practically  zero,  and  the  concentration  at 

C^~  +  Cj  ^  j  sinh  bx/Q)  cosh  bl,) 

Sec.  12. — Simple  Alternatinsf  Current 

If  the  current  corresponding  to  C,  pass  for  6^  seconds 
through  a  copper  electrode  into  a  solution  of  potassium 
cyanide,  making  the  copper  anode,  and  if  then  the  cturent 
corresponding  to  C,  make  the  copper  cathode  for  the  same 
interval  6^  seconds,  and  be  succeeded  by  C^  for  6^  seconds 
and  so  on;  the  ratio  between  the  two  currents  that  will  just 
bring  the  concentration  at  the  electrode  to  zero  at  the  end 
of  the  cathode  beats  when  the  stationary  state  has  been 
reached,  may  be  found  by  setting  %=/,  /  =  oo,  2  =^  o, 
T  =-  o,  and  6  =  26j  in  (86). 

Making  these  substitutions,  and  dividing  the  numerator 
of  the  6  fraction  by  its  denominator,  the  result  may  be  put  in 
the  form 

C[^^-^^~  ltanhbll^(/f      ^    (p 

and  if  aO^  be  small  enough  to  justify  the  use  of  the  Erf  ap- 
proximation, 

_^^  =  i  —  [i  —  (cothb[)  ^^Er/V^J 
L|  —  Cj  vr 


2 


+  [  I  —  (coih bl)  - ^  Erf  ^i2K^^]—  etc,   (91) 

vr 

For  high  values  of  /-^  -  »  ^^^^  ^^  becomes  imity,  and  the  rati(# 

between  the  two  cturents  is  independent  of  k  and  of  /,  be- 
coming in  fact  a  function  of  Kb^, 

2k  ^T^  I 

In  making  an  actual  computation,    -r  ^^t  would  be  re- 
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placed  by  its  value  (lanh  bl)  /b  and  the  Erf  approximation  would 
be  used  for  the  first  few  summations  of  (90)  where  direct 
summation  would  be  too  laborious;  for  higher  values  of  the 
negative  exponent,  however,  where  the  Erf  approximation 
becomes  less  reliable,  direct  summation  is  easy.' 

As  an  example,  if  ^  =  4  X  10"',  /  =  3.1416  X  10"',  K  = 
400,  and  the  duration  of  each  beat  6^  =  0.0005  seconds, 
the  two  currents  would  stand  in  the  ratio  of  68,97  to  31.03 
or  G,  =  — 0.4499  G,. 

If  eye,  were  determined  in  the  laboratory,  K  could  be 
found  by  (90)  and  (91);  the  easiest  way,  no  doubt,  would 
be  to  compute  C,/C,  for  a  number  of  assumed  values  of  K, 
plot  the  results,  and  find  A'  from  the  observed  CJC,  by  inter- 
potation.  If,  however,  in  the  experimental  work,  the  cur- 
rents in  the  two  beats  had  been  equal,  and  if  it  were  attempted 
to  calculate  K  from  an  experimental  determination  of  the 
relative  amounts  of  copper  dissolved  during  the  anode  beat 
and  redeposited  during  the  cathode  beat  (i.  e.,  from  the  net 
loss  of  weight  of  the  electrode)'  or  from  an  oscillograpliic 
determination  of  the  moment  during  the  cathode  beat  at 
which  the  concentration  at  the  electrode  fell  to  zero,  the  prob- 
lem would  become  analogous  to  those  of  Part  II;  multiple 
summations  would  have  to  be  employed,  and  the  compu- 
tations would  become  complicated  and  laborious. 


'  Wlien  0,   -  0.0005  ^""1  "  —  100.  the  followiog  afe   Ihe  true  values  and 
the  Erf  approximations  respectively   of   the  sums  in  (90),  begimung  with    Ihe 

Number 
Tnie  value 
Erf  appro  X. 

0.0010551    0.0014436 
0.0010551    0.001443G 

0. 00  ing  S7    0.0007939 
0.0010587    0.0007939 

True  value 
Erf  approx. 

S                         6 
00006031      0.0004619 
0.0006031      0.0004618 

7                  s 

O.OQ035J7     0.000*749 
0  0003555     0  OOOJ745 

In  the  case  of  ilie 
first  I  wo  terms  0 

las 

term  raentloued  in  this  table,  which  involves  e-*'^i,  the 
if  ihc  summation  suffice  for  the  determination  of  five 

dgniCicant  figures  and  the  Erf  approximation  can  tli 
with  lictore  it  becomes  inaccurate. 

*  As,  for  instance,  in  Leillanc's  exiicriments 
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The  quantity  of  cuprion  ^  per  square  centimeter  of  electrode 
area  left  in  the  diflfusion  layer  at  the  end  of  the  cathode  beat, 
viz. : 


( 1)*  +  I  g-M  ^^  ( 1)«  +  I  ^-2M 


.]  (9.) 


is  by  no  means  negligible;  in  the  case  taken  as  illustration 
it  amounts  to  4.5099  X  10"*  G„  as  against  5.000  X  10"*  G, 
equivalents  brought  into  the  solution  during  an  anode  beat 
(the  sum  of  the  series  in  square  brackets  in  (92)  is  0.0009931, 
and  C,  =  — 0.4499   ^i)' 

This  is  why  an  estimation  of  K  from  the  experimentally  deter- 
mined ratio  C,  /C,,  based  on  the  rough  and  ready  hypothesis  that 
diffusion  may  be  altogether  neglected,  and  that  at  the  end 
of  the  cathode  beat  (when  2:  =  o  at  both  ends  of  the  diffusion 
layer)  the  amount  of  cuprion  in  the  diffusion  layer  may  be 
neglected,  leads  to  results  very  wide  of  the  mark.' 

The  number  of  equivalents  of  cuprion  that  pass  out  from 
the  diffusion  layer  into  the  body  of  the  solution,  per  sq.  cm 
of  electrode  surface,  during  an  anode  beat,  may  be  found 
by  multiplying  the  concentration  gradient  at  the  solution 
(at  X  =  o)  by  k.dr:  and  integrating : 


X  =  0 


A  similar  expression  for  the  cathode  beat  may  easily  be 
obtained.  In  the  case  taken  for  illustration  these  quantities 
are  not  large.  An  approximate  value  for  the  loss  during 
the  cycle  may  be  found,  without  summing  the  series  of  (93), 
by  assuming  that  the  loss  would  be  the  same  as  that  caused 
by  a  constant  current  of  average  strength,  C  =  K  (Cj  +  C^)  = 
0.275  Cj,  acting  throughout  the  cycle. 

*  Copper  not  combined  with  cyanide  is  meant. 

*  See  under  the  next  heading. 


Mathematical  Theory  of  the  Changes  of  Concentration    873 

Using  the  formula  for  the  stationary  state  (Eq.  76)  this 
gives 

*/(li),  =  o°°  °7oshbl      <'PP'°''^^^ly'  =  0-237  X  io-«G..     (94) 

O 

The  loss  from  the  diffusion  layer  during  a  complete  cycle 
(6  =  26j  =  0.00 1  seconds)  is  thus  about  five  percent  of 
that  dissolved  from  the  electrode  during  an  anode  beat. 

Approximate  Calculation  of  K  from  the  Current  Ratio 

The  quantity  of  cuprion  in  the  diffusion  layer  opposite 
each  sq.  cm  of  electrode  surface,  (which  in  this  paragraph 
only  will  be  represented  by  y) ,  is  thus  subject  to  change  by 
the  operation  of  three  causes.  It  is  being  added  to  by  elec- 
trolysis at  the  rate  of  G  equivalents  per  second,  it  is  being 
diminished  by  the  chemical  action  of  the  cyanide  at  the  rate 
of  Ky  equivalents  per  second,  and  there  is  a  loss  (which  being 
small  may  be  treated  as  constant  throughout  the  cycle) 
of  L  equivalents  per  second  into  the  main  body  of  the  solu- 
tion. 

Thus 

dy  dy 

[  Anode  beat] -~~=Gi — Ky — L;  [Cathodebeat]i^  ^Gj — Ky — L.  (95) 

Integrating  between  the  limits  o  and  6,,  and  6^  and  26^, 
respectively,  and  writing  w  for  the  number  of  equivalents 
of  cuprion  remaining  in  the  diffusion  layer  at  the  end  of  a 
cathode  beat  ( r=  o,  or  r  =  28 J,  there  results 

gKdi 


Kw  =  Gi  —  L—(G,  —  Gj  -^jcf—,—  '  (96) 


Inserting  the  values  found  in  the  previous  paragraph, 
viz.:  Gj  =  — 0.4499G1,  w  =  4.5099  X  io-*Gi,  ^^^  L  = 
0.0237  G,,  Eq.  (96)  gives  K  =  398  in  place  of  the  true  value 
K  =  400. 

Suppose,  however,  that  the  current  ratio  had  been  de- 
termined experimentally,  and  that  it  was  proposed  to  calcu- 
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late  K  without  taking  account  of  diffusion  at  all,  i,  e.,  from 

-GJG,  =  e-^^i  (97) 

which  may  be  obtained  from  (96)  by  setting  ic;  =  o  and 
L  =  o,  the  wholly  erroneous  result  K  =  1597  would  be  ob- 
tained. The  error  is  mainly  due  to  neglecting  if;;  if  in  (96) 
w  be  given  its  true  value  and  L  be  set  equal  to  zero,  K  comes 
out  equal  to  435. 

Conditions  Connoted  by  Large  Values  of  I  ^i^ 

During  the  discussion  of  (91)  it  was  pointed  out  that 
when  l\^  is  large,  CJC^  is  independent  of  k  and  /;  accord- 

^S  ^o  (96),  however,  the  current  ratio  can  be  independent 
of  k  and  /  only  when  the  amount  of  cuprion  left  in  the  diffusion 
layer  at  the  end  of  a  cathode  beat  is  likewise  independent 
of  the  same  two  variables.  The  following  considerations 
may  help  to  make  the  reason  for  these  relations  clear. 

If  in  any  series  of  experiments  z  remains  constantly  zero 
at  any  fixed  point  in  the  solution,  that  point  might  be  taken 
as  ^  =  o,  i.  e,,  its  distance  from  the  electrode  might  be  taken 
as  Z;  to  keep  2:  =  o  at  any  point  further  from  the  electrode 
could  have  no  effect  on  the  diffusion,  and  consequently  to 
give  /  any  greater  value  in  any  system  of  equations  applicable 
to  the  case  could  have  no  effect  on  the  results  of  the  computa- 
tions. By  lessening  k  or  increasing  K  the  point  at  which 
z  remains  practically  equal  to  zero  is  brought  nearer  to  the 
electrode;  and  it  follows  from  what  has  just  been  said,  that 
when  once  it  is  nearer  than  the  point  selected  as  '*x  =  o'' 
for  the  given  system,  the  ** solution  condition'*  is  without 
effect.  Large  values  of  /  bring  the  evanescent  terms  to  zero, 
and  thus  destroy  the  influence  of  the  '^initial  condition;'' 
if  both  circumstances  occur  together,  the  only  equations 
influencing  the  result  are  the  *' differential  equation"  and 
the  * 'electrode  condition,"  which  for  any  given  value  of  fe,. 
viz.:  k^  may  be  written 

^  =  ^i  ^t2  ~  ^^  {xiva) ;       k^^-  =—G  (iv  a) 
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Suppose  that  in  two  cases  the  diffusion  constants  are  A, 
and  kj  =  fe,/r',  respectively,  where  r  is  any  constant  multi- 
plier. Replacing  k,  in  {xiv  a)  and  {iv  a)  by  kjr*  the  equations 
for  the  second  case  will  be 


-Kz; 


az 

■'a('-g)" 


(98) 


and  it  is  obvious  that  (if  conditions  are  such  that  the  "initial" 
and  "electrode"  conditions  may  be  neglected)  the  same  values 
of  2  will  be  met  with  in  both  cases  if  ri  and  rG  in  the 
second  case  have  the  same  values  as  k  and  G  in  the 
first  case,  respectively;  that  is,  when  the  current,  and  the 
distance  from  the  electrode,  of  the  points  compared,  are 
both  r  times  less  in  the  second  case  than  in  the  first.  Con- 
sequently (since,  other  things  being  equal,  z  is  proportional 
to  G)  if  the  currents  be  equal  in  the  two  cases,  the  values  of 
2  at  comparable  points  will  be  r  times  greater  in  the  second  case 
than  in  the  first. 

Hence,  if  the  diffusion  layer  be  imagined  to  be  divided 
into  corresponding  laminae  in  the  two  cases,  these  being 
r  times  as  thin  in  the  second  case  as  in  the  first  and  having 
concentrations  r  times  greater,  each  will  contain  the  same  quan- 
tity of  the  component  to  which  z  refers.  Further  as  explained 
above  since  the  values  of  r  in  both  cases  fall  to  zero  with  in- 
creasing 5  and  remain  at  zero,  the  impaired  laminae  having 
zero  values  of  z  will  not  affect  the  total,  and  therefore  the 
total  quantity  of  the  component  in  the  two  cases  being  the 
sum  of  the  same  items  must  be  the  same.  That  is  to  say, 
the  number  of  equivalents  contained  in  the  diffusion  layer 
will  be  under  these  conditions  independent  of  K. 

Conditions  that  keep  z  =~  o  at  k  <  I  obviously  prevent 
all  loss  from  the  diffusion  layer  into  the  main  body  of  the 
solution,  by  destroying  the  concentration  gradient  at  5  =  ^; 

for  large  values  of  l-\^  therefore,  the  integral  expanded  in 

{93)  must  reduce  to  zero. 
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Sec.  13.— ^Sinusoidal  Currents,  Fourier  Form 

The  general  expression  where  C  =  fit),  from  which  the 
expression  for  the  sinusoidal  current  may  be  derived  as  a 
special  case  is: 

«=  I  o 

00  / 

=  ~  "^  <  e-'^'  C  e^,f{u).du)cosmg^.  (996) 

«=  I  o 

Setting  f(t)  =  M  sin  (w/  +  a),  this  becomes 

b  cosh  bl 
^2j<A  (P^Tco^^  ^^^^^5 


2ifeM 


jAf^;^      .,6  sin  a  —  i»iCosa  ^ 

2kM  'Si^  (/f  stn((tit  -ha)  —  ci)  cos((iit  4-  a)  j. 

2A5M'^      ..dfsina  —  tiicosa  ^       ,       .. 

Where  the  harmonic  analysis  of  a  current  is  known  it  can 
be  seen  that  for  each  component  of  the  current  there  will  be 
in  the  value  of  2:  a  term  expressible  either  in  this  form  or  in 
that  of  the  next  section. 

Sec.  14.— Sinusoidal  Currents,  Hyperbolic  Form 

As  in  Part  I,  the  stationary  term  may  be  expressed  in  a 
form  more  suitable  for  computation  by  the  use  of  hyper- 
bolic functions. 

Starting  out  from  (48),  and  introducing  the  new  con- 
ditions, it  will  be  found  that  the  values  obtained  for  A  and 
B  are  those  given  by  (49),  but  that  the  exponents  y  and 
k  must  be  defined  as  follows : 


*  With  regard  to  the  applicability  of  these  results  see  under  Sec.  15. 
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y^k  =  K  +  i(ii  and  X^k  =  K — to),  (loia) 

whence 

r  =  p  +  di  and  X^  fi—di,  (loib) 

where 


^2  ^.  ^2  ^  i^l_L^,  ^»  — 5»  =  K/k,  and  2pd  =  w/fe.      (loic) 

Introducing  these  values  in  (48),  the  following  expression 
for  the  stationary  term  is  obtained 


MA*  ^coshHB  —  cos^xd      .    ^  ,       ^ 

^  =  7^5  ~r— 2M  • ^^ ^  .  sin  Z  (102) 

(/:»  +  w')i     ^icosHHp  —  sinm 

where 

Z  =  G)/  -f  a  -f  ian-^  (coth  xfi .  tan  xd)  —  itan-^  ((»>/K)f 

—  ton-*  (ton/^  Ifi .  ton  /^) .  ( 103) 

On  setting  if  =  o  in  (102)  it  is  reduced  to  (54).  on  setting 
0)  =  o  it  is  reduced  to  (76) ;  and  by  means  of  suitable  ex- 
pansions of  the  hyperbolic  functions  it  may  be  converted 
into  the  *'Foiuner'*  form,  (stationary  term  of  equation  100). 

The  evanescent  term  may  be  obtained  from  the  general 

form 

00 

2  ^  «  4  ^^'  <^o^  wg5,  ( 104) 

I 

(which  satisfies  (xiv),  (xv),  and  the  condition  that  when 
jc  =  /,  ^z/^t  =  o),  by  expanding  (102)  in  a  series  of  sines  of 
mg^  and  determining  the  values  ofi4„  as  in  sec.  (66).  The 
resulting  evanescent  term  is  identical  with  that  of  (100). 
Combining  both  terms,  the  '^hyperbolic  form'*  of  the  ex- 
pression for  sinusoidal  currents  becomes: 


Mk^  \icosh^xB — cos^x8    .    v 

;- ,,  —  ,x , .     V        -         stn  X. 

{K"  4-  (1)2)*     ^coshH^  —  sinm 

2Mk 


Mk^'^y       ..(bsina  —  iiicosa  ^         , 


n  —  I 


in  which  X  has  the  meaning  given  in  (103),  and  p  and  d  those 
implied  in  (loic). 
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An  expression  for  the  ampltttide  at  the  stationary  state 
may  be  found  by  setting  sin  ;if  =  i;  the  concentration  at 
the  centre  of  swing  is  zero.     The  *7ag'*  is  given  by 

[Lag]  tan-^{tanh  Ifi.  tan  Id)  +  tan-^(u)/K) — tan-^  (coth  x^.  tan  xd).  ( 106) 

Concentrations  at  the  electrode  may  be  found  by  substi- 
tuting /  for  X  in  (105);  in  the  evanescent  term,  this  has  the 
effect  of  making  cos  mg^  unity,  while  the  stationary  term 
becomes 

rr^            '              n                 ^^*         ^sinh^23l  +  stn^idl    .    y     ,       , 
[For  t  =  CO,  X  =  I]  2  =  — rr- .   ,,0,  , 2^1—  ^^^^     (^07) 

where 

X=.t  +  a  +  tar^^^^-itan-^{^).  (.08) 

If  ^/  ^  3,  sinh  pi  becomes  ^  lo,  and  the  circular  functions  may 
be  neglected  in  comparison  with  the  hyperbolic.  The  frac- 
tion then  becomes  sinh2pi/sinh^pl  which  for  values  of 
fil  >^3  is  very  nearly  equal  to  2.00;  thus  (with  a  maximum 
possible  error  of  one-half  percent),  when  the  stationary  state 
is  reached 

[For  X  =  /,  ^/  >L  3]      2  =  (/^2  _^  ^^2)i  "^^^  ^  •  (109) 

Sec.  15. — Superposed  Currents 

As  in  Part  I,  the  effect  of  a  number  of  cturents  acting  simul- 
taneously may  be  foimd  by  adding  the  right  hand  members 
of  the  equations  which  express  the  effects  of  each  of  them 
alone.  In  fact,  the  assumption  made  throughout  this  Part, 
that  Zq  =  o,  deprives  many  of  the  equations  of  their  validity 
unless  when  thought  of  as  parts  of  such  a  sum;  according 
to  (107),  for  instance,  the  concentrations  at  the  electrode 
would  be  negative  during  a  large  part  of  the  cycle  on  electroly- 
sis with  a  pure  sinusoidal  current. 

When  the  stationary  state  has  been  reached  during  elec- 
trolysis with  a  sinusoidal  current,  the  amplitude  of  the  con- 
centration variation  at  the  electrode  may  be  found  by  setting 
sin  ;if,  ==  I  in  (107).  The  centre  of  swing  is  zero  with  the 
sinusoidal  current  alone,  but  it  may  be  raised  to  any  desired 
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height,   C,  — , — ,   by  superposing  the   direct  current  corre- 
sponding to  Cj.     If  C^  ^       be  greater  than  the  ampHtude, 

z  at  the  electrode  will  never  fall  to  zero;  and  the  condition 
that  z  just  touches  zero  once  in  the  cycle  is  expressed  by 


C.        ,  ^ ,  Mk^         ssinh^  2BI  +  sin^  2dl 

o  =    , '  tank  hi TTT^—y — ^    -^~U2  01 1 2  i^Y  (^^^) 

0  2{K^  4-  (1)^)*     stnh^jJl  +  cos^ol 

C  \'2 

whence   the  ratio   of   the  two   ammeter   readings  — ^   may 
be  found : 

C\  ^      h      _     k^ ^^sinhl2ll3  +jin^^  ^ 

M  ~  *  tanhbl  (K^  +  (d^)^      sinWl^  Vcos^ld    *         ^"^^ 

the  limit  of  (iii)  for  iiC  =  o  is  the  expression  obtainable  by 
equating  (64)  to  zero. 

With  the  ordinary  alternating  current  of  60  cycles  per 
second,  w  =  377;  assuming  A  =  4  X  10"^,  /  =  3.14  X  lo*"*, 
and  K  =  500,  the  ratio  CJM  will  be  0.912,  and  the  ratio 
of  the  ammeter  readings,  1.290  provided  the  arrangement 
is  as  described  in  the  footnote  to  Sec.  7. 

The  ratio  is  a  function  of  Z -Wp  and  ^  so  that  if  it  be  de- 
termined experimentally,  and  if  in  addition  w  and  a  be  known, 
K  may  be  calculated.  As  the  value  of  C,  for  which  z  at  the 
electrode  just  touches  zero  should  be  recognizable  by  voltmeter 
or  oscillograph  or  by  weighing  the  electrode,  (iii)  should 
lead  to  a  convenient  experimental  method  of  determining 
the  velocity  constants  of  rapid  **secondary''  reactions.  The 
ratio  CJM  will  vary  from  the  value  discussed  in  Sec.  7  when 
K  is  zero,  to  i  when  K  increases  without  limit  (the  value  i 
would  imply,  in  the  case  of  a  copper  electrode  in  cyanide 
solution,  that  the  copper  never  became  cathode).  Other 
things  being  equal,  increasing  o)  brings  the  ratio  nearer  zero. 

For  large  values  of  K,  tanh  hi  becomes  unity,  and  the  sinh 
fraction  of  Cm)  reduces  to  2.0;  in  this  case  the  relation  be- 
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tween  the  current  ratio  and  the  value  of|K  takes  the  simple 
form 


\m) 


K^  +  G)»'  ^"^^ 


and  K  may  be  determined  without  knowledge  of  k  or  /. 

APPENDIX 

Note  on  the  Construction    of  Special  Trigronometrical 
Series  to  Represent  Arbitrary  Functions 

If  it  be  required  to  express  a  given  function  of  x,  f(x),  be- 
tween given  values  of  jc  as  the  sum  of  a  series  of  sines  and 
cosines  of  multiples  of  a  variable  6  chosen  so  as  to  have  its 
increment  in  a  constant  ratio  to  that  of  x  and  to  vary  from 
o  to  2;r  between  these  given  limits  of  x,  the  problem  admits 
of  but  one  solution;  and  Fourier  has  shown  that  the  coeflB- 
cients  of  the  general  terms  of  the  series,    viz,,   sinm^    and 


3>r  a>r 


cosm^    will    be  ~  I  f(x)sin  m8.d8   and    -  j  f{x)  co^wO.dOre- 

o  o 

spectively,   for  all  integral  values  of  m  not  zero,  while  the 


3X 


constant  term  or  coefficient  of  cos  06  is  —  I  f(x).d^, 

o 

If,  however,  it  be  agreed  that  the  series  shall  represent 
the  given  function  for  a  limited  range  only  (less  than  2;r) 
of  values  of  6,  an  infinite  number  of  solutions  are  possible; 
and  the  problem  becomes  determinate  only  when  the  value 
of  the  series  for  the  remainder  of  the  interval  2;:  of  6  is  speci- 
fied. Advantage  may  be  taken  of  this  to  impose  additional 
conditions  on  the  nature  of  the  series  by  which  the  given 
function  is  to  be  represented. 

If,  for  example,  it  be  sufficient  to  find  a  series  that  will 
represent  the  function  over  the  assigned  range  in  values 
of  X  for  values  of  6  between  6=0  and  0  =  ;:,  no  condi- 
tions being  imposed  as  to  the  value  of  the  series  when  0 
lies  between  n  and  2;r,  the  value  of  the  series  in  the  latter 
range  may  be  so  chosen  as  to  make  the  coefficients  of  either 
the  sine  terms  or  the  cosine  terms  of  the  series  equal  to  zero. 
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The  first  may  be  accomplished  by  making  the  series  repre- 
sent the  ordinates  of  a  curve  with  values  of  6  as  abscissae, 
whose  ordinates  between  6  =o  and  6  =  ;r  are  the  corre- 
sponding values  of  f(x)  over  the  given  range  in  the  values 
of  Xy  and  which  is  continued  between  6  =  ;r  and  8  =  2;r 
by  its  mirror  image  in  the  ordinate  at  6  =  ;r.  Represent- 
ing by  (/f(x)  the  values  of  the  ordinates  throughout  the  whole 

range  from  8  =  o  to  6  =  27r,  the  integral  -  j    (/f(x)  sinm^.d^ 

o 

will  then  be  equal  in  magnitude  and  opposite  in  sign  to 
-  I  (/f{x)  Jtn  w8.d8    and   therefore    -  j    <p{x)  sinm^.d^  will  be 


2X 


zero,  while  -  j  (ff(x)  cos  m8.d8  will  be  equal  to  -  j  (ff(x)  cosm^,db, 


o 

2k  K 


and  the  constant  term  —  i<p(x),db  to-  j  ^(%).d8;sothatthe 

o  o 

series  which  represents  (p(x)  for  all  values  of  8  between 
8  =  o  and  8  =  2;r,  and  therefore  inter  alia  represents  f(x) 
over  the  given  range  in  x  for  values  of  8  between  8  =  o  and 
8  =  ;r,  will  consist  of  cosines  only  (besides  the  constant 
term).     Thus  the  coefficient  of  the  general  term  cos  w8  will 

be  -  j  f(x)cosm^.db  and  the  constant  term  is  as  just  stated, 

o 

K 

or  equivalently  -  I  f{x)M, 

o 

If  on  the  other  hand  the  ordinates  of  the  curve  represented 
by  the  series  be  equal  to  f{x)  for  values  of  8  between  8  =  o 
and  8  =  ;r,  while  the  part  of  the  curve  between  8  =  ;r  and 
8  =  2;:  is  formed  from  the  first  part  by  revolution  through 
i8o°  round  the  point  8  =  ;r  on  the  axis  of  abscissae,  the 
cosine  terms  disappear  and  the    coefficient  of  the  general 

term  sin  w8  is  -   C  f(x)sinm^,d^,  there  being  here  no  constant 

o 

term. 
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These  * 'cosine  series'*  and  ''sine  series''  are  discussed  in 
all  works  dealing  with  Fourier  series  ;Jthe  textbooks  with 
which  we  are  familiar,  however,  do  not  point  out  that  still 
further  conditions  may  be  imposed  on  the  nature  of  the  series 
if  the  range  of  values  of  6  through  which  it  is  to  represent 
f{x)  be  still  fiuther  restricted.  Such  conditions  are  met 
with  in  practice;  for  instance,  in  order  to  obtain  Eq.  (54^) 
Eq.  (72)  and  Eq.  (79)  of  the  present  paper  (see  also  Eq. 
11)  it  was  necessary  to  find  a  series  of  sines  of  odd  multiples 
of  6  =  7ZX/2I  which  would  represent  a  given  function  of 
X  between  the  limits  6  =  o  and  6  =  n/2.  This  condition 
is  complied  with  if  the  series  be  constructed  to  represent 
the  ordinates  of  a  curve,  whose  ordinates  between  8=0 
and  6  =  n/2  are  equal  to  /(^),  and  which  is  continued  in 
the  second  quadrant  by  its  mirror  image  in  the  vertical  through 
the  point  6  ^  ;r/2,  while  the  second  half  is  formed  from 
the  first  by  rotation  tlu-ough  180°  around   the  centre  6  «  ;r 

on  the  axis  of  abscissae.     For  such  a  case  1    fp(x),cos  w6.d0  =  o 


J  ^(x).< 


2it 


as  stated  above,   while   -  f  (/f(x)  sin  w0.d0  is  zero  when  m 


K 

2 


2n,  and  equals   ^  C ilf{x),sin  m^M  or  -  Cf{x).sinm^M  when 

o  o 

m  ^  2n  —  I.     So   that   the   series   which  represents  ]{x)  for 

all  values  of  6  between  6=0  and  0  =    ,  will  consist  of  sines 

2 

of  odd  multiples  only  of  0  and  the  coefficient  of  the  general 

n 

2 

term,  viz.,  sin{2n  — 1)0  will  be  -  C  f(x),sin(2n — i)  0.d0. 

o 

Similarly,  the  general  term  of  the  series  which  represents 

f(x)   for   values   of   0   between    0  =  o  and  0  =  -  and   which 
'  2 
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consists     of    cosines     of     odd     multiples     only     of     6,     is 

K 
2 

-  cos(2n  —  1)6.  C  f(x).cos  (2n  —  i)  6.d0. 

o 

The  extension  to  the  other  three  quadrants  which  this 
series  is  made  to  define  is  obtained  as  follows:  revolve  the 

curve  in  the  first    quadrant    about    the    point  8  =  -  on  the 

axis  of  abscissae  through  180°  to  define  the  second  quad- 
rant, and  then  for  the  second  half  take  the  mirror  image 
of  the  first  two  quadrants  in  the  ordinate  at  6  =  tt. 

It  is  to  be  noted,  however,  that  these  extensions  are  in- 
troduced merely  for  the  purpose  of  explanation,  and,  as  the 
results  above  show,  do  not  need  to  be  represented  graphically 
or  introduced  into  the  formulae. 

Although  values  different  from  zero  may  be  obtained  from 
the  above  formulae  for  the  coeflBcients  of  terms  which  are 
not  to  appear  in  the  series,  no  use  is  to  be  made  of  such  values, 
as  the  formula  is  not  valid  for  any  such  piupose.  Sim- 
ilarly in  the  last  case  for  which  the  formula  is  given  (cosines 
of  odd  multiples)  there  is  no  constant  term,  whatever  be  the 
mean  value  of  f{x)  over  the  given  range  in  x. 

University  of  Toronto^ 
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THE  BEHAVIOR  OF  COPPER  ANODES    IN  CHLORIDE 

SOLUTIONS 


BY  SAUL  DUSHMAN 

INTRODUCTION 

In  connection  with  some  experiments  on  the  electro- 
lytic etching  of  copper  alloys,  my  attention  was  drawn  to 
the  behavior  of  pure  copper  anodes  in  solutions  of  chlorides. 
I  found  that  it  was  possible  to  make  the  copper  dissolve 
wholly  as  cupric  or  wholly  as  cuprous  salt  or  as  a  mixture 
of  these  in  any  desired  proportions,  by  varying  the  current  den- 
sitv  or  the  concentration  of  chloride  in  solution.  The 
observation  that  increasing  the  concentration  of  chloride 
increases  the  proportion  of  cuprous  salt  formed,*  suggested 
that  there  may  be  equilibrium  at  the  surface  of  the  electrode 
between  metallic  copper  and  the  cuprous  and  cupric  salts 
in  solution.  The  effect  on  the  proportion  of  cuprous  salt 
consequent  on  lowering  the  current  density,'  stirring  the 
solution,'  or  increasing  the  rate  of  circulation,*  may  also  be 
explained  in  the  same  manner;  for  all  these  processes  tend 
to  lessen  the  difference  in  composition  between  the  solution 
at  the  electrode  and  that  in  the  body  of  the  electrolyte,  i.  e., 
thev  raise  the  concentration  of  the  chloride  and  diminish 
that  of  the  dissolved  copper  salts  at  the  surface  of  the  anode,' 
and  thus  increase  the  proportion  of  cuprous  salt  formed.* 

The  assumption  of  equilibrium  at  the  electrode  is  not  new,^ 
it  has  been  put  forward  to  explain  the  behavior  of  gold  anodes 

*  See  exiwrinients  i-6  Table  I. 

^  See  exix^riiiients  lo  12  Table  II. 

*  Compare  ex|)eritnents  7  and  8   5  and  9  Table  I. 

*  Sec  exiKTinicnts  13-16  Table  II. 

*  See  abstract  of  preliminary  work,  Trans.  Roy.  Soc.  Can.     Sec.  Ill,  p.  26 
(i(;()7). 

*  A  brief  account  of  these  ex|)eriments  was  j^iven  at  the  meeting  of  the 
American  Chemical  Society  at  Toronto,  June  1907. 

'  Foerster:  Elektrochemie  wilssr.  Uisungen,  p.  212,  etc. 
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Table  I 

Beaker    experiments.     Stationary    electrodes.     Hydrochloric    acid 

solutions.     Area  of  electrodes  =  2.5  X  2.5  cms 


Current 

Total 





Coiii-en- 

density 

Percent 

Percent 

Stirring 

(Amps/cm'} 

gram 
0.02286 

grsm 
0.760 

I 

N/i 

0 

100 

Yes 

2 

N/io 

0.02286 

87 

Yes 

3 

NAo 

0.02286 

0.341 

100 

0 

Yes 

N/i 

0.602 

0 

100 

Yes 

5 

W/2 

0.00514 

0.508 

30 

70 

Yes 

6. 

N/4 

0.00514 

0.37^ 

77 

23 

7 

M/. 

0.00416 

0.609 

8 

NA 

0.00416 

0.422 

53 

47 

No 

9 

N/» 

0.00514 

0.360 

80 

20 

No 

Table  II 

Beaker    experiments.     Circulating    electrolyte.     Rotating    anode. 

Solution  N/io  HCl.     Duration  of  each  experiment,  30  minutes 


Volu 

nie 

Current 

Total 

1 

circulated 

density 

cupric 

lil«rs 

(Aitip./cm') 

10.6 

0.016 

0.2392 

16.0 

II 

0 

0.107 

0 

9403 

94 

0 

10 

0 

0.300 

2 

7000 

100 

0 

15 

7 

0    109 

1 

0107 

tin 

2 

33 

.■i 

0.109 

1 

0533 

.»3 

7 

34 

0 

0.109 

.    1 

0910 

79 

;t 

48 

4 

0.109 

I 

1354 

74 

4 

in  chloride  solutions'  of  copper  anodes  in  sulphate  solutions' 
and  of  anodes  of  tin,  antimony  and  bismuth  in  a  number 
of  different  electrolytes.'  In  no  case  however  have  quanti- 
tative measurements  been  made  by  which  the  hypothesis  0}  equil'Ui- 

'  Wohlwill:  Zeit.   Elektrocliemie,  4,  405   (1898). 

'  Foersler  and  Seidel:  Zcit,  anorg,  Chem,,  14,  106  (1897). 

•K,  Elbs  and  H.  Thummel:  ZeU.  Eleklrochemie,  10,  364  {1904);  K. 
Elbs  and  J.  Korssell:  Ibid,,  8,  760  {1902):  K.  Elbs:  Ibid.,  8,  512  (1902); 
K.  Elbs  and  F.  Fischer:  Ibid,,  7,  343  (1900). 
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rium  could  be  controlled,  and  the  object   of   the   experiments 
described  in  this  paper  is  to  supply  this  deficiency.' 

My  electrolyses  were  consequently  carried  out  under 
conditions  that  allowed  the  concentrations  of  the  various 
constituents  of  the  solution  at  the  anode  to  be  ascertained; 
and  the  concentrations  so  determined  were  compared  with 
the  requirements  of  the  Mass  Law. 
APPARATUS 

In  designing  the  apparatus  it  was  necessary  first  to 
provide  a  uniform  field,  so  that  the  current  density  might 
be  the  same  at  every  part  of  the  anode,  second,  to  exclude 
air  as  far  as  possible,  so  that  there  might  be  no  "chemical" 
solution  of  the  anode,  and  third,  to  keep  the  copper  salts 
from  reaching  the  cathode,  so  that  the  composition  of  the 
electrolyte  might  depend  only  on  the  anode  reactions.  Ar- 
rangements had*  also  to  be  made  for  varying  the  composition 
and  rate  of  circulation  of  the  electrolyte,  as  well  as  the  rate 
of  rotation  of  the  anode.  The  current  was  determined  by 
an  ammeter  and  a  copper  (or  silver)  voltameter  in  the  circuit. 

Fig.  I.  shows  the  apparatus  finally  used.'  It  consisted 
of  two  porous  cylinders  P,  and  P,  cemented  to  the  cylinder 
E  and  the  bottom  piece  F  which  were  of  hard  rubber,  and 
a  rotating  copper  anode  A  making  contact  by  means  of  a 
wire  W  with  a  shaft  S  and  holder  H.  A  plug  of  hard  rubber 
T  was  provided  with  a  threaded  perforation  so  that  it  could 
be  tightened  against  the  copper  tube  as  shown  in  the  diagram. 
The  tube  could  therefore  be  taken  off  the  shaft  and  weighed. 
Rubber  rings  r  and  pieces  of  tubing  b  prevented  any  electro- 
lyte entering  the  tube.  The  access  of  air  to  the  solution 
passing  over  the  anode  was  prevented  by  means  of  hydro- 

'  NoTB, — After  these  experiments  were  well  under  way,  an  abstrect 
of  a  paper  originally  published  in  Russisin  appeared  in  Chem.  Cent.  1,  1143 
(1907)  in  which  the  hyjxithcsis  is  advanced  that  equilibrium  exists  at  the  sttrface 
of  copper  anodes  in  chloride  solulions  and  of  mercury  anodes  in  nitrate  solution. 
So  qtmnlilalivc  measurements  however  are  given  except  in  the  case  of  mercury 
in  solution  of  polassium  nitrate. 

'  .\  desaiption  ot  an  earlier  Uimi  of  ap|)aralus  will  be  found  in  Trans. 
Am,  Elect r-Tciii-m.  Soc  .  13,  ,114  (ii^iSi. 
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chloric  acid  (of  the  same  strength  as  that  circulating  through 
the  cell)  which  was  contained  in  the  circular  groove  R  in 
which  rotated  the  hard  rubber  cover  C.  The  electrolyte 
entering  B  passed  over  the  anode,  through  the  glass  tube  K 


into  the  compartment  between  the  two  porous  cylinders  and 
left  it  by  means  of  the  exit  tube  D,  The  cathode  consisted 
of  a  platinum  gauze  M  wrapped  around  the  outside  of  P. 
The  different  parts  of  the  apparatus  were  cemented  together 
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with  a  cement  consistiug  of  one  part  rubber  and  three  parts 
resin.  Three  rubber-tipped  screw  clamps  k  attached  to  a 
brass  ring  g  and  clamped  to  the  glass  jar  L  (which  contained 
the  cathode  solution)  prevented  any  lateral  motion  of  the  cell 
when  the  anode  was  set  rotating. 

The  stock  solution,  contained  in  a  tubular  12-liter  bottle, 
was  freed  from  air  by  exhaustion  (a  mercury  manometer  was 
used  to  indicate  the  degree  of  exhaustion),  and  was  then 
saturated  with  purified  carbon  dioxide  gas.  During  the 
electrolysis,  tliis  solution  was  kept  under  an  atmosphere  of 
the  gas  and  furthermore  on  its  way  from  the  tubulus  into  the 
inlet  tube  B  of  the  cell  it  was  joined  by  a  stream  of  carbon 
dioxide  gas;  in  this  manner  the  cell  could  be  filled  with  the 
gas  before  electrolysis,  and  oxidation  of  cuprous  salt  formed 
during  the  experiment  was  reduced  to  a  minimum.  After 
circulating  through  the  cell  once,  the  electrolyte  passed  into 
a  measuring  cylinder  and  was  then  discarded. 

With  these  precautions  to  exclude  air,  the  loss  of  weight 
of  the  anode  when  rotated  (without  current)  was  extremely 
small  as  is  evident  from  the  following  data: 

Hydrochloric  acid  fi.84  X  10"' N)  was  circulated  through 
the  cell  for  one  hour.  In  the  first  two  experiments  air- 
saturated  solution  was  used,  in  the  third,  solution  which 
had  been  completely  freed  from  air  by  exhaustion  and  saturated 
with  carbon  dioxide  gas,  and  in  the  fourth,  a  mixture  of 
equal  volumes  of  air-saturated  and  carbonated  solutions. 


No. 

V 

L 

ic'L/V 

2 

3 
4 

3-2 

2.4 
2.7 

0.0148 
0.0085 

0.0008 
0.0050 

4.6 
3-5 

0.3 

23 

Under  V  is  given  the  number  of  liters  of  solution  cir- 
culated, and  under  L,  the  loss  in  weight  of  the  copper  tube. 
It  appears  from  these  results  that  the  rate  of  solution  of  the 
copper  in  hydrochloric  acid  solutions  containing  air  is  ap- 
proximately proportional  to  the  concentration  of  oxygen. 
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In  another  experiment  with  5  X  iQ"'  N  acid,  6.0  Uters 
solution  (air-free)  were  circulated  in  an  interval  of  7  hours 
and  only  0.0028  gram  was  dissolved,*  corresponding  to  0.45  X 
lo"'  gram  per  liter. 

THE  CONCENTRATIONS  IN  THE  BODY  OF  THE  SOLUTION 

To  find  the  quantity  of  cupric  and  cuprous  salts,  respec- 
tively, formed  during  an  experiment,  the  total  copper  dis- 
solved in  an  experiment  (P  grams)  was  compared  with  the 
copper  (Q)  or  silver,  deposited  in  a  voltameter  in  the  circuit. 
Then  2  (P-Q)  gms  is  the  weight  of  copper  dissolved  as  cuprous 
salt,  and  2Q-P  is  the  weight  of  copper  as  cupric. 

The  concentrations  of  the  cupric  and  cuprous  salts  in 
the  electrolyte,  expressed  in  mols  per  litre ^^  may  therefore 
be  represented  by 

[Cupric]      = 


2Q-P 


[Cuprous]  = 


63.6  V 

2(P-Q) 

63.6  V 


where  V  is  the  total  volume  of  the  electrolyte  passed  through 
the  cell  (in  liters).'  In  the  calculations  which  follow,  it  is 
assumed  that  the  cupric  salt  is  totally  dissociated  in  solution 

into  the  ions  Cu  and  CI,  so  that 

+  +        2O  —  P 

fC"J  =  w-  (I) 

The  cuprous  salt  on  the  other  hand  is  assumed  to  exist  in 

+  — 

two  forms,*  Cu  and  CuCL,  so  that 


*  As  the  anode  itself  weighed  about  75  g.  these  small  losses  could  not  be 
determined  with  accuracy. 

'  By  one  mol  cuprous  or  cupric  salt  is  understood  the  quantity  con- 
taining 63.6  g.  copper.  The  concentrations  in  the  body  of  the  solution  are 
distinguished  by  square  brackets. 

*  This  assumes  that  the  solution  passing  through  the  cell  arrives  at  a 
stationary  composition  in  an  interval  of  time  which  is  very  small  compared  to 
the  total  duration  of  the  experiment. 

*  Bodlander  and  Storbeck:  Zeit.  anorg.  Chem.,  31,  i  (1902).  In  a  paper 
which  will  be  published  shortly,  these  equilibrium  experiments  will  be  discussed 
more  fully. 
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[Cu]  -f  [CuCy  =  ^^^      ^^ 


(11) 


63.6  V  • 

It  was  thought  by   Bodlander  and  Storbeck  that  the 
-f       — 
ratio  Cu/CuClj  would  be  given  by 

(Cu)  X  (ci)'  =  K'(Cucy  (III) 

corresponding  to  the  chemical  equation 


+ 


Cu  +  2CI 


CuCl,. 


Careful  examination  of  their  results,  and  some  work  of  my 
own,  however,  shows  that  the  "constant,"  K',  varies  from 
1.22  X  ID*  to  6.13  X  ID*  in  different  experiments.  I 
have    consequently    thought    it    best    to  plot 


(Cu) 


(Cu)  +  (CuCl,) 
from    their    experiments    (Table    III)   with  different   values 

of  (CI)  and  to  use  the  graph  (Fig.  2)  instead  of  equation  (III). 

Table  III 

Solubility  determinations  of  cuprous  chloride  in  potassium  chloride 

solutions  (Bodlander  and  Storbeck) 


Cl 

(Cu) 

(Cu)  -f  (CuCl,) 

y 

4-55 

0.398 

0.646 

0.616 

4 

38 

0.246 

0.484 

(0.508)^ 

4 

65 

0.336 

0.589 

0.570 

5 

03 

0.263 

0.534 

0.492 

5 

28 

0.178 

0.460 

0.387 

6 

37 

0.175 

0.514 

0.340 

9 

97 

0.233 

0.761 

0.306 

13 

76 

0.282 

1 .022 

0.276 

17 

80 

0 .  205 

I.  122 

0.183 

(N.  B. 

All 

the 

concentratic 

Dns  in  this  table 

are  expressed  in 

millimol 

s  pel 

-lite 

r.) 

*  This  determination  was  not  used  in  plotting  the  curve.     In  the  graph  (see 
p.  906)  the  "chlorion"  is  in  the  same  units  as  those  used  in  the  above  table. 
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THE  CONCENTRATIONS  AT  THE  ELECTRODE 

Immediately  at  the  surface  of  the  anode,  the  concentra- 
tions of  the  copper  salts  are  greater  than  those  in  the  body  of  the 
solution,  the  difference  depending  on  the  rate  at  which  the 
copper  is  being  dissolved.  If  it  be  assumed  that  the  copper  salt 
formed  must  diffuse  through  an  adherent  liquid  film  of  constant 
thickness,  /  cms.,  and  that  the  "diffusion-constant,**  k  (in 
cm*/sec.)  is  independent  of  the  concentration,  then  the  dif- 
ference in  concentration  due  to  the  diffusion  is  given  by 

loH     (Mols  salt  formed  per  second)  ^ 
k  (Area  of  electrode  in  cms*) 

These  assumptions  may  be  made  in  the  case  of  the  copper 
salts  and  hydrochloric  acid,  so  that  if  the  concentrations  at 
the  anode  be  distinguished  from  those  in  the  body  of  the 
solution  by  the  use  of  curved  brackets,  j }, 

,d.,  .  ,c^cu  -  2^>  (I  +  ^)  (IV) 

where  fej  is  the  diffusion-constant  of  cuprous  salt,  fe,  that 
of  cupric.  A,  the  area  of  the  electrode-surface  (in  ems')  and  /, 
the  duration  of  the  electrolysis  in  seconds. 

Values  of  { CI } ,  the  concentration  of  chlor  ion  at  the  elec- 
trode, may  be  calculated  from  the  equation, 

4 (P_^^^  =  H  ( [Cl]  -  { Cl } )  +  ^%.  (VI)* 

63.6/  10'/  *  31.8/ 

where  the  term  on  the  left  denotes  twice  the  number  of  mols 

CuClj  formed  per  second  at  the  electrode;  the  first  term  on 

the  right,  the  number  of  mols  CI  reaching  the  anode  per 
second  by  diffusion;    and  the  last  term,  the  number  of  mols 


*  Since  k,  I,  and  the  area  of  the  electrode  are  measured  in  cm-units,  the 
factor  10'  is  necessary  to  convert  the  concentration  difference  into  mols  per  liter, 

'  k^  is  the  diffusion  constant  of  hydrochloric  acid  and  H,  the  transport 
nuTiber  of  chlorine  in  the  solution. 
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CI  transported  electrolytically  to  the  anode  per  second. 
Thus, 

icnM5]-'°'t'<^-g>';^^'-"ffl.    (VII, 

As  in  my  experiments  jCl}  and  [CI]  do  not  differ  greatly, 
an  approximate  value  of 

_  [Cu] 

[Cu]  -f  [c^cy 

calculated  on  the  assumption  that  jCl}  and  [CI]  are  equal, 
is  sufficiently  accurate  for  the  purpose  of  equation  (VII). 

Using  the  value  of    {CI}    calculated  according  to  this 

equation,  the  ratio, 

4- 

Y ^     '^"L —  (VIII) 

{Cu}  +  {CuCl,} 

was  determined  from  the  graph. 

APPLICATION  OF  THE  MASS  LAW 

Eliminating  {Cu}  +  {CuCl,}  from  (IV)  and   (VIII),  and 
comparing  the  result  with  (V),  there  follows, 

(^Q  — P)/i         io»/  \ 
{Cu}    _  63.6"    W  "*"  k^tJ 

, +,,  ~72Wp-Q)/i   ,    ioH\y         ^^"^^ 

According  to  the   Mass   Law  applied  to  the  reaction, 

Cu  +  Cu  :^  2Cu 

the  expression  (IX),  in  which  nothing  but  experimentally 
determinable  quantities  appear,  ought  to  be  a  constant. 
In  the  tables  which  follow  I  have  denoted  it  by  K. 


Of  the  quantities  involved  in  (IX),  Q,  P,  V,  A,  t,  and  Y 
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have  already  been  discussed;  there  remain  only  the  two 
ratios  l/k^  and  l/k^.  These  were  determined  directly  as  de- 
scribed in  the  following  sections ;  in  order  to  check  the  results, 
/  itself  was  determined  (page  899)  and  the  resulting  values  of 
k^  and  k^y  were  compared  with  those  deducible  from  theo- 
retical considerations. 

In  calculating  F,  two  other  constants  were  employed, 
viz,y  H  and  k^.  Of  these  H  =  0.167  is  taken  from  the  recent 
measurements  of  Noyes  and  Kato,*  which  are  in  accord  with 
those    of    Jahn.'    The    diffusion    constant    of    hydrochloric 

acid,  fej  =  2.67  X  lo"*  is  obtained  from  the  work  of  Oholm' 
by  averaging  his  results  from  0.0 1  and  0.02  normal  acid  and 
converting  into  the  units  (cm^/sec.)  of  the  present  paper. 

Determination  of  l/k^ 

The  following  method  for  the  determination  of  this  con- 
stant suggested  itself  during  the  course  of  the  investigation. 

Solutions  containing  hydrochloric  acid  and  copper  chloride 
in  known  quantities  were  passed  through  the  cell  of  the  ap- 
paratus shown  in  Fig.  i,  while  the  copper  cylinder  A  was 
revolving  without  current.  The  loss  in  weight  (W  grams) 
of  the  copper  was  determined  while  V  liters  of  the  solution 
passed  through  the  cell  in  the  interval  i  seconds. 

Under  these  circumstances  the  cupric  chloride  at  the 
immediate  surface  of  the  copper  is  reduced  almost  quantita- 
tively to  cuprous  salt.*  Assuming  that  the  rate  of  reduction 
of  the  cupric  chloride  is  very  much  greater  than  the  rate  at 
which  it  is  renewed  by  diffusion,^  it  follows  that  the  con- 
centration of  cupric  chloride  at  the  immediate  surface  of  the 
copper  must  be  practically  zero,  and  consequently  that  the 


*  A.  A.  Noyes  and  Y.  Kato:  Zeit.  phys.  Chem.,  62,  420  (1908). 
^  H.  Jahn:  Zeit.  phys.  Chem.,  58,  641  (1907). 

'  L.  W.  Oholm:  Zeit.  phys.  Chem.,  50,  309  (1904). 

*  Bodl^nder  and  Storbeck:  Zeit.  anorg.  Chem.,  31,  i   (1902). 

*  Bodl^nder  and  Storbeck's  experiments:  loc.  cit.  show  that  the  reduction 
is  very  rapid. 
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rate  of  flow  of  cupric  chloride  through    the    diffusion-film 
is  equal  to  its  rate  of  reduction.     That  is, 


W 


-r  + 


63.6/  IO»/ 


''^  [Cu] 


(X) 


where  [Cu]  denotes  the  concentration  of  cupric  chloride  in 
the  body  of  the  solution  (in  mols  per  liter).  The  following 
table  gives  the  experimental  data,  together  with  the  values 
of  l/kj  calculated  by  means  of  (X) . 


Temp.  =  i8^  A  = 


Table  IV^ 
47,  rate  of  rotation  =  1600  per  minute 


No. 


I 

2 

3 
4 

5 


[HCl] 


o . 0930 
0.0920 
o . 0964 
o . 0966 

0.0933 


+  + 
[Cu] 


o  0497 
o . 0484 
0.0072 

0.0059 
0.0035 


W 


0.2220 

o  3496 

0.1497 

o. 1697 

0.1565 


^ 


3600 
5400 
3600 
4800 
5400 


Ilk, 


3 
3 
3 
3 


5 
I 

4 
25 


2350 

2220 

500 

495 
360 


These  measurements  show  that  while  l/k^  increases  very 
rapidly  with  the  dilution  in  concentrated  solution,  it  tends 
to  attain  a  constant  value  for  extremely  dilute  solutions. 
As  the  concentrations  of  cupric  chloride  obtained  in  the 
electrolytic  experiments  were  all  less  that  used  in  experiment 
5  of  the  above  table,  the  assumption  may  be  made  that  //fe, 
is  constant  for  these  concentrations,  and  for  reasons  which 
will  be  discussed  subsequently  (in  the  section  on  diffusion 
constants)  the  value  l/k^  =  333  has  heen  used  in  the  calcula- 
tions which  follow. 

Determination  of  l/k^ 

The  solubility  experiments  described  in  the  previous 
section  were  also  used  for  the  determination  of  l/k^.  As- 
suming that  at  the  immediate  surface  of  the  copper  the  solution 
is  saturated  with  cuprous  chloride,  values  of  {Total  Cuprous] 

*  In  exptriments  3,  4,  and  5,  the  quantity  of  cupric  salt  reduced  to  cuprous 
has  been  allowed  for  when  calculating  [Cu]. 
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may    be    calculated   from    the    solubility    measurements    of 
Bodlander  and  Storbeck*  and  inserted  in  the  equation, 

W        ib^A 


63.6/ 


=  M  X 


io»/ 


( { Total  Cuprous }  —  [Total  Cuprous] ) ,     (XI) 


whence  values  of  l/k^  may  be  calculated.  In  this  equation 
the  expressions  in  curved  brackets  { }  and  square  brackets 
[]  denote  concentrations  (in  mols  per  liter)  at  the  electrode 
and  in  the  solution  respectively,  and  W,  /,  and  A  have  the 
same  values  as  in  Table  IV.  The  values  of  [Total  Cuprous] 
have  been  calculated  by  the  relation, 


• 

V.UP.UU.J   -63;^v- 

V-rt.11; 

Table  V 

^T 

{ToUl 

{ Total 

[ToUl 

Ilk, 

No. 

Chlorine } 

Cuprous } 

Cuprous] 

I 

0.1890 

0.00850 

0.00318 

(125.0) 

2 

0.1890 

0.00850 

0.00313 

122.6 

3 

O.I 107 

0.00500 

0.00152 

125.0 

4 

0.1099 

0 . 00495 

0.00157 

142.9 

5 

0.1028 

0.00463 

0.00152 
Average 

160.4 

\  =  138.0 

In  the  subsequent  calculations  of  this  paper,  the  value, 
l/k^  =  138  has  consequently  been  used. 

While  the  values  of  l/k^^  and  of  l/K  determined  in  the 
above  manner  give  sufficient  information  for  the  purpose 
of  equation  (IX),  it  nevertheless  seemed  desirable  to  obtain 
independent  values  of  /,  k^  and  fe,.  so  that  the  latter  might  be 
compared  with  the  values  deducible  from  the  mobilities  by 
means  of  Nemst's  formula.     These    determinations,    which 


*  Loc.  cit.      For  the  concentrations  of  chlorine  used   in   these  solubility 
experiments, 


{ Total  Cuprous  j    = 


{Total  Chlorine} 


22.2 
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are  detailed  in  the  following  paragraphs  resulted  in  the 
adoption  of  a  valve  of  //fe,  slightly  lower  than  the  lowest 
found  in  Table  IV. 

Determination  of  /  the  Thickness  of  the  Film 

A.  From  Experiments  with  Oxalic  Acid 

Ackerberg,'  using  a  platinized  platinum  anode,  found  that 

the  rate  of  oxidation  of  oxalic  acid  dissolved  in  large  excess 

of  sulphuric  acid  (20  percent  cone.  H,SO(  by  volume),  may 

be  represented  by  the  equation, 

dx  ^   fe(B--x) 
dt  "V    "' 


(xni) 


when  high  current  densities  are  used  and  the  electrolyte  is 
stirred.  In  this  equation,  dx/dt  gives  the  number  of  equiva- 
lents oxalic  acid  oxidized  per  second  and  B  is  the  number 
of  equivalents  oxalic  acid  in  V  liters  of  the  solution  at  (  =-0. 

Nemst  and  Brunner'  and  Lorenz"  have  shown  that  this 
result  is  in  accord  with  the  hypothesis  of  diffusion  towards 
the  electrode,  according  to  which  the  number  of  equivalents 
oxidized  per  second  is  equal  to  that  diffusing  to  the  electrode 
in  the  same  time.  Tliat  is,  for  current  densities  greater 
than  the  limiting  value,  k  (in  equation  XIII)  =  jfe,  A/io'l, 
where  k,  is  the  diffusion  constant  of  oxalic  acid  (in  cm'/sec.), 
A,  the  area  of  the  electrode  (in  ems')  and  /  the  thickness  of 
the  film  (in  cms). 

Making  this  substitution  in  (XIII)  and  integrating, 
we  find. 


A,A 
loVV  " 


(logi 


B- 


-'~Iog„    - 


(XlUn) 


l^  —  l^   \-*»      V  *""«'      V 

where  x,  and  a:,  arc  the  number  of  equivalents  oxalic  acid 
oxidized  at  the  end  of  intervals  /,  and  (j  respectively. 

From  a  knowledge  of  k^,  A,  and  the  rate  of  oxidation  of 
a  solution  of  oxalic  acid  in  maximum  conductivity  sulphuric 
acid,  it  is  therefore  possible  to  determine  /.     The  value  of 

'  .Ackerberg:  Zeit.  anorg  Chcm  ,  31,  161  (1901). 
'  Zeit.  phys.  Cheiti.,  47,  5;,  56  (1904)- 
'  Elettrocheniie,  1905,  pp.  J39-44. 
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k^  was  calculated  from  the  mobility  of  Cfi^  by  applying 
Nemst's  equation^  as  modified  by  Abegg  and  Bose,' 

0.04485 


u 
*        2        86400 


(XIV) 


Since  t*  =  39  for  decinormal  oxalic  acid,  therefore  &^  =  i.oi  X 

In  order  to  obtain  a  value  for  /  imder  conditions  as  nearly 
similar  as  possible  to  those  obtaining  in  the  electrolytic  ex- 
periments with  hydrochloric  acid  solution,  the  same  shaft 
and  stirring  arrangement  were  used  as  that  described  on 
page  888.  The  copper  tube,  however,  was  covered  with 
platinum  foil  and  platinized  according  to  the  directions  of 
Kohlrausch  and  Holbom,"  and  the  cell  of  Fig.  i  was  replaced 
by  a  porous  pot  of  about  750  cc  capacity  surrotmded  by 
a  cylindrical  cathode  of  lead.  The  electrolyte  for  the  anode 
compartment  contained  about  3.5  g  crystallized  oxalic  acid 
and  200  cc  concentrated  sulphuric  acid  per  liter,  that  for  the 
cathode  compartment  contained  the  same  amount  of  sul- 
phuric but  no  oxalic  acid. 

During  the  electrolysis,  10  cc  samples  of  the  anode 
solution  were  pipetted  out  at  definite  intervals  and  titrated 
against  standard  permanganate. 


Table  VI 
Rate  of  oxidation  of  oxalic  acid 

No. 

Current 

/ 

/,-/,. 

B  —  x 

v 

v 

I 

I 
2 

3 

0.45 
0.95 
1-35 

0 
3600 
5400 
6300 

3600 

1800 

900 

0.0592 
0 . 0454 
0.0392 
0.0362 

0.63 
0.62 
0.61 

10. 1  X  10-* 
9.3  X  IO-* 
9.1  X  10-* 

Average 

9  5  X  io-» 

*  Nernst:  Theoret.  Chem.,  Ill  Auflage,  p.  361. 

'  Zeit.  phys.  Chem.,  30,  545  (1899). 

'  The  electrode  was  platinized  while  rotating,  thus  securing  a  smooth 


eposit. 
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B.     From  Experiments  with  Copper  Sulphate 

In  the  electrolysis  of  a  solution  containing  both  copper 
sulphate  and  sulphuric  acid,  the  concentration  of  the  copper 
at  the  immediate  surface  of  the  cathode  is  lowered  as  the 
current  density  is  increased  until  a  value  of  the  latter  is  at- 
tained at  which  the  concentration  is  practically  zero.  In- 
creasing the  current  density  still  more  causes  hydrogen  to 
be  liberated  along  with  the  copper,  which  is  indicated  by  an 
abrupt  rise  in  voltage  over  the  cell. 

Just  before  this  point  is  reached  the  amount  of  copper 
removed  from  the  electrolyte  is  equal  to  that  carried  to  the 
electrode  by  tiiffusion,  since  in  the  presence  of  sulphuric  acid 
migration  of  the  copper  may  be  neglected.     Thus, 

11^1^  =  ^'4,  [CuSO,],  (XV) 

96540  10'/  "^         •■" 

where  I '/A  is  the  current  density  at  which  hydrogen  first 
appears,  k^  is  the  diffusion  constant  (in  cm '/sec.)  of  copper 
sulphate  and  the  expression  in  square  brackets  denotes  con- 
centration in  grams  per  liter. 

Working  with  the  apparatus  described  on  p.  888  (where 
A  =  47)  I  fotmd  I'  =  0.069  at  18°  C  and  1600  revolutions 
per  minute  (see  Tables  VII  and  VIII).  The  diffusion  constant 
of  copper  sulphate  is  given  by  Wiedeburg^  as  0.4479  X  10"* 
X  (i  —  3.467c)  where  c  denotes  the  concentration  in  grams  of 
copper  per  cm*.  Sand'  found  the  same  value  for  solutions 
of  copper  sulphate  in  sulphuric  acid  (0.0881  to  0.1804  normal). 
For  the  concentration  of  copper  used  in  the  experiments 
recorded  in  Tables  VII  and  VIII  k^  =0.44  X  10"*.  Hence 
using  I'  =  0.069,  /  =  4  X  lo"'. 

*  Wied.  Ann.,  41,  675  (1890). 
2  Phil.  Mag.  [6],  i,  45  (i9oO- 


■■-  *2  ■ » 
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Table  VII 
Determination  of  limiting  current 


Experiment  I 

Experiment  II 

Voltage 

Current 

Voltage 

Current 

0.125 
0.160 
0.200 
0.280 
0.300 
0.340 

0.021 
0.025 
0.035 

0.057 
0.067 
O.IIO 

I'  =  0.067 

0.125 
0.160 
0.190 
0.240 
0.320 
0.380 

0.020 
0.026 
0.030 
0.040 
0.067 
0.120 
I'   =  0.068 

Table  VIII 

Determination  of  limiting  current 

While  these  readings  were  taken,  the  electrolyte  was  allowed  to  flow 
over  the  cathode  as  in  the  experiments  of  Tables  X  and  XI. 


Experiment  III 

Experiment  IV 

Voltage 

Current 

Voltage 

Current 

0.17 

0.022 

0.18 

0.020 

0.20 

0.030 

0.20 

0.025 

0.25 

0.040 

0.26 

0.033 

0.34 

0.065 

0.32 

0.050 

0.38 

0.  no 

0.37 

0.067 

0.40 

0.I15 

0.42 

0,  no 

0.40 

0. 122 

0.48            '                  0.140 

I'  =  0.070 

I'  =  0.070 

The  value  of  /  obtained  by  the  oxalic  method  is  higher  than 
that  obtained  by  the  second.  This  is  probably  due  to  the 
value  selected  for  the  diffusion-constant  of  oxalic  acid.  The 
diffusion  constant  for  copper  calculated  from  the  mobility 
(at  the  concentration  used  in  the  above  experiments)  is 
0.7  X  ID"*  while  the  direct  experiments  quoted  above  gave 
0.44  X  10"*.  If  the  calculated  value  of  the  diffusion  con- 
stant of  oxalic  acid  be  reduced  in  the  same  proportion,  / 
as  calculated  by  the  first  method  becomes  6  X  lo"'. 
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Diffusion  Constants  of  Cupric 
and  Cuprous  Chlorides 

Although  the  diflfusion  constant  for  copper  sulphate 
has  been  determined  for  concentrated  aqueous  solutions  and 
for  solutions  containing  sulphuric  acid  (see  above  p.  899) 
there  are  no  data  for  the  diffusion  constant  of  copper  in  very 
dilute  solutions  of  cupric  chloride  containing  hydrochloric 
acid.  From  the  values  of  l/k^  in  Table  IV  and  the  result 
/  =  4  X  lo"*,  the  following   numbers  are  calculated  for  ife,. 


Table  IX 

No 

{Cu} 

*, 

I 

2 

3 
4 
5 

0.0479 
0.0485 

0.0072 

0.0059 

0.0035 

0.17  X  IO-* 
0.18  X  10-* 
0.80  X  10-* 
0.81  X  IO-* 
I.  II  X  10-* 

These   numbers   show   that    k^   increases   with   the  dilution. 

Using  the  value  50.5  for  the  mobility  of  Cu  at  infinite  dilution/ 
fej  may  be  calculated  from  the  equation 

0.04485 


'       2 


86400 


(XIV) 


which  gives  &,  =  1.30  X  10"*.  As  mentioned  previously  the 
concentrations  of  cupric  chloride  obtained  in  the  electroljrtic 
experiments  were  all  less  than  that  of  the  most  dilute  solution 
of  Table  IX.  Accordingly  the  average  of  1.30  X  10"*  and 
I. II  X  lo"*,  that  is  1.2  X  lo"*,  has  been  taken  as  the  value 
of  fej  in  the  electrolytic  experiments.     Hence  l/k^  ==  333. 

The  diflfusion  constant  of  cuprous  chloride  dissolved  in 
hydrochloric  acid  may  be  calculated  similarly  from  the  value 


+  + 


*  The  mobility  of  Cu  for  binary  electrolytes  at  infinite  dilution  is  given 
by  Kohlrausch  and  Holborn  as  50.  By  analogy  with  Zn  the  value  of  the  mo- 
bility  of  Cu  in  CuCla  may  be  taken  as  about  50.5. 
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of  //fej  =  138,  and  is  found  to  be  2.9  X  10"^.  Although 
this  value  is  noticeably  higher  than  any  that  might  be  deduced 

from  the  mobility  of  CI  or  from  the  analogy  of  CuClj  with 
other  complex  ions,  yet  it  seems  unlikely  that  the  value  of 
fej  can  be  less  than  2.9  X  10-*  (that  is,  assuming  /  =  4  X  10-*) 
for  in  that  case  it  would  be  necessary  to  assume  that  the 
solution  at  the  immediate  surface  of  the  copper  is  super- 
saturated with  respect  to  cuprous  chloride.  * 

DISCUSSION  OF  hESULTS 

Table  X  gives,  together  with  the  experimental  data,  the 
values  of  K  calculated  according  to  equation  IX.  The 
numbers  so  found  vary  between  0.5  X  10*  and  3.5  X  10*. 
Bodlander  and  Storbeck's  work  in  which  copper  powder  and 
cuprous  chloride  were  shaken  with  solutions  of  potassium 
chloride  gives  K  =  1.5  X  10*.  Considering  the  wholly  dif- 
ferent nature  of  the  two  series  of  experiments  this  agreement 
must  be  regarded  as  a  remarkable  confirmation  of  the  theory 
of  the  electrolysis  set  forth  in  the  introduction. 

As,  however,  the  values  of  K  calculated  according  to 
equation  IX,  are  largely  and  unequally  affected  by  the  tm- 
a voidable  error  of  experiment,  I  have  thought  that  a  recal- 
culation of  the  anode  losses,  assuming  the  constant  K  =  1.5  X 
10*  would  furnish  a  more  satisfactory  test  of  the  validity 
of  the  theory. 

In  making  this  recalculation,  K  =  1.5  X  10*;  l/k^  =  1.38 
and  l/k^  =  3.33  were  substituted  in  equation  IX,  which 
then  becomes, 

63.6      \V   ^    At         J 

^  -3  =  1.5  X  Io-^     (XVI) 


[       63.6        \V  ^    At  ^  Jj 


For  each  experiment  the  proper  values  of  Q,  /,  A  and  V, 
were  then  introduced  and  a  value  of  y  taken  from  the  graph 

*  In  some  of  the  experiments  of  Table  IV,  the  copper  cylinder  became 
covered  with  a  white  coating  of  cuprous  chloride. 
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on  the  assumption  that  iCll  =  [CI].  The  resulting  quadratic 
equation  in  (P  — Q)  was  solved,  giving  the  value  of  P  entered 
under  "P  calc."  next  to  the  observed  values. 

In  most  of  the  experiments  the  observed  and  calculated 
anode  losses  agree  to  within  3  to  4  milligrams,  although  the 
conditions  were  varied  to  quite  a  large  extent.  Thus,  the 
concentration  of  hydrochloric  acid  was  varied  from  4.65  X 
ID"'  to  16.15  X  10'  normal,  the  current  from  0.013  to  0.051 
ampere,  the  anode  area  from  18  to  47  cm,'  and  the  rate  of 
circulation  of  the  electrolyte  from  0.242  to  2.361  cm*  per 
second. 

The  greatest  discrepancies  between  "P  calc."  and  "P 
obs."  are  to  be  found  in  those  experiments  whose  duration 
was  rather  long,  e.  g.,  Nos.  28,  35,  38,  43  and  57.  This  was 
undoubtedly  due  to  oxidation  of  cuprous  salt  by  air,  which  in 
spite  of  all  precautions,  must  have  entered  the  cell.  A  similar 
reason  is  to  be  assigned  for  the  high  anode  losses  observed 
with  small  currents.  From  the  table  it  is  seen  that  the  dif- 
ferences in  concentration  of  the  cupric  and  cuprous  salts  at 
the  electrode  and  in  solution  were  verj'  considerable,  so  that 
the  corrections  for  diffusion  were  in  many  cases  the  main 
items  in  the  calculation  of  K.  Consequently  any  errors  in 
measuring  A  or  V//,  or  any  slight  variation  in  the  rate  of 
stirring  during  the  experiment  affected  the  calculated  value 
of  K  considerably.  The  fact  that  for  low  values  of  CI,  the  anode 
losses  calculated  are  uniformly  greater  than  those  observed 
(see  experiments  7,  8,  12-16)  must  be  ascribed  to  an  error 
in  the  determination  of  y,  which  is  quite  probable  in  view 

of  the  form  which  the  graph  for  it  assumes  for  values  of  CI 
less  than  5.5  X  lO"'  {sec  Fig.   2). 

As  a  further  test  of  the  validity  of  the  theory  I  have  also 
performed  four  experiments  (see  Table  XI)  in  which  a  solu- 
tion, approximately  9.0  X  10"'  nonnal  in  hydrochloric  acid 
aud  0.171  X  lo"'  molar  in  cupric  chloride  was  used  as  elec- 
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No. 

A 

Percent 
Caprous 

io»X 
[Cupric] 

iO»X 
jCu. 

pricj 

io«X 
jCu- 

prous } 

io»X 
C  u 

jprotuj 

Io«X 

jcij 

> 

—^ ^ — ». 

10—*  X  K 

1 

15.0 

25.5 

0.235 

3.84 

0.161 

0.95 

11.08 

0.294 

3.1 

2 

18.0 

28.0 

0.383 

4.26 

0.300 

1.34 

7.35 

0.326 

1.9 

3 

18.0 

29.2 

0.214 

3.40 

0.176 

1.23 

12.47 

0.283 

2.6 

4 

18.0 

30.3 

0.382 

3.42 

0.322 

1.42 

7.24 

0.328 

1.5 

5 

18.0 

31.5 

0.073 

2.42 

0.077 

1.13 

8.14 

0.320 

1.8 

6 

23.5 

34.2 

0.060 

1.22 

0.064 

0.58 

8.20 

0.319 

3.4 

7 

47.0 

35.2 

0.119 

0.71 

0.130 

0.40 

5.07 

0.485 

1.9 

8 

47.0 

35.4 

0.119 

0.71 

0.132 

0.40 

5.31 

0.376 

3.0 

9 

18.0 

36.5 

0.315 

3.11 

0.355 

1.66 

11.05 

0.295 

1.3 

10 

18.0 

37.2 

0.047 

1.56 

0.052 

0.92 

5.97 

0.348 

2.4 

11 

47.0 

37.7 

0.212 

0.78 

0.252 

0.74 

4.54 

0.615 

0.8 

12 

47.0 

37.7 

0.120 

0.69 

0.146 

0.43 

5.05 

0.490 

i.5 

13 

47.0 

38.7 

0.113 

0.66 

0.146 

0.44 

5.01 

0.500 

1.4 

14 

47.0 

39.0 

0.115 

0.66 

0.146 

0.44 

5.02 

0.500 

1.4 

15 

47.0 

40.6 

0.086 

0.40 

0.117 

0.35 

5.10 

0.475 

1.4 

16 

47.0 

42.0 

0.106 

0.63 

0.152 

0.46 

5.21 

0.400 

1.8 

17 

18.0 

42.0 

0.039 

1.39 

0.057 

0.89 

8.28 

0.319 

1.7 

18 

23.5 

43.2 

0.117 

1.16 

0.186 

0.87 

7.65 

0.323 

1.5 

19 

23.5 

43.6 

0.267 

1.18 

0.531 

1.28 

7.21 

0.328 

0.7 

20 

35.2 

45.0 

0.053 

1.23 

0.085 

0.35 

9.63 

0.308 

1.8 

21 

23.5 

45.5 

0.104 

1.10 

0.174 

0.87 

7.90 

0.320 

1.4 

22 

37.5 

46.0 

0.175 

0.97 

0.280 

0.81 

8.90 

0.313 

0.7 

23 

47.0 

46.0 

0.057 

0.32 

0.096 

0.28 

5.05 

0.490 

1.7 

24 

23.5 

46.5 

0.157 

1.13 

0.273 

0.97 

7.48 

0.325 

1.1 

25 

18.0 

47.3 

0.038 

1.28 

0.068 

0.99 

8.31 

0.318 

1.3 

26 

35.2 

48.0 

0.025 

0.82 

0.440 

0.85 

9.52 

0.309 

1.2 

27 

47.0 

48.0 

0.099 

0.57 

0.185 

0.55 

5.18 

0.425 

1.1 

28 

35.2 

49.0 

0.453 

1.49 

0.433 

0.83 

9.07 

0.311 

2.2 

29 

18.0 

51.1 

0.147 

2.10 

0.306 

2.00 

13.94 

0.274 

0.7 

30 

18.0 

51.1 

0.031 

1.11 

0.064 

0.99 

8.14 

0.320 

1.1 

31 

47.0 

51.2 

0.092 

0.54 

0.192 

0.58 

8.77 

0.315 

1.8 

32 

23.5 

52.0 

0.268 

1.05 

0.377 

1.14 

7.09 

0.329 

0.8 

33 

47.0 

52.0 

0.098 

0.55 

0.210 

0.61 

5.62 

0.360 

1.1 

34 

18.0 

52.3 

0.034 

1.18 

0.075 

1.08 

10.72 

0.299 

1.1 

35 

23.5 

52.5 

0.175 

1.02 

0.384 

1.15 

7.33 

0.327 

0.8 

36 

47.0 

53.0 

0.089 

0.52 

0.201 

0.61 

8.68 

0.315 

1.4 

37 

18.0 

53.5 

0.019 

0.63 

0.043 

0.62 

8.57 

0.315 

1.6 

38 

37.5 

53.6 

0.204 

0.94 

0.451 

1.12 

8.12 

0.319 

0.7 

39 

47.0 

53.8 

0.075 

0.51 

0.175 

0.59 

8.53 

0.316 

1.5 

40 

35.2 

54.0 

0.167 

1.12 

0.393 

1.31 

8.36 

0.318 

0.7 

41 

23.5 

54.0 

0.184 

1.02 

0.417 

1.20 

7.01 

0.330 

0.7 

42 

47.0 

54.4 

0.064 

0.39 

0.153 

0.47 

8.43 

0.317 

1.7 

43 

37.5 

54.5 

0.162 

0.78 

0.370 

0.95 

8.30 

0.317 

0.9 

44 

30.5 

55.0 

0.111 

1.13 

0.259 

1.29 

8.64 

0.314 

0.7 

45 

35.2 

55.4 

0.099 

1.03 

0.242 

1.17 

8.88 

0.313 

0.8 

46 

18.0 

55.9 

0.062 

1.06 

0.157 

1.20 

10.52 

0.300 

0.8 

47 

47.0 

56.4 

0.094 

0.57 

0.244 

0.76 

8.76 

0.315 

1.0 

48 

18.0 

57.8 

0.014 

0.44 

0.049 

0.66 

8.54 

0.316 

1.0 

49 

47.0 

58.0 

0.131 

0.51 

0.360 

0.79 

7.94 

0.320 

0.8 

50 

47.0 

61  .3 

0.075 

0.43 

0.241 

0.71 

5.51 

0.366 

0.7 

51 

47.0 

61.4 

0.040 

0.25 

0.123 

0.39 

8.63 

0.316 

1.6 

52 

47.0 

62.2 

0.161 

0.87 

0.203 

0.56 

8.55 

0.316 

2.7 

53 

18.0 

62.5 

0.109 

0.96 

0.357 

1.51 

10.55 

0.299 

0.5 

54 

47.0 

62.8 

0.049 

0.26 

0.195 

0.55 

9.25 

0.310 

0.9 

55 

47.0 

64.7 

0.067 

0.38 

0.250 

0.74 

8.71 

0.315 

0.7 

56 

18.0 

71.1 

0.012 

0.40 

0.059 

0.85 

10.96 

0.295 

0.6 

57 

30.5 

71.2 

0.052 

0.35 

0.119 

0.40 

7.76 

0.321 

2.1 

58 

18.0 

74.3 

0.021 

0.29 

0.076 

0.58 

10.72 

0.299 

1.0 
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trolyte.     In    these   experiments    equation    IX    assumes    the 
form: 


iCu| 
jCu) 


(2Q-P) 
63.6 


{\ 


V  + 


10 


-s 


[ 


63.6     vv  ^ 


iA/)J 


(IXa) 


In  the  Introduction  the  qualitative  effect  of  changes  in  rate 
of  stirring  was  discussed.  Table  XII  gives  the  data  for  three 
electrolyses  which  were  carried  out  with  lower  rates  of  stirring 
than  that  used  in  the  other  experiments.  Under  R  is  given 
the  rate  of  stirring  in  revolutions  per  minute,  and  in  the  last 
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column  of  the  table,  under  C,  is  given  the  number  of  an  ex- 
periment in  Table  X  in  which  all  the  other  variables  were 
the  same  and  which  may  thus  be  used  for  comparison.  These 
experiments  show  that  in  accordance  with  the  requirements 
of  the  theory  the  proportion  of  cuprous  salt  formed  is  less 
when  the  rate  of  stirring  is  decreased. 


Behavior  of  Copper  Anodes  in  Chloride  Solutions     907 


Table  XI 
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Concentration  of  Cu  in  stock  solution,  0.171  X  10-'  mols  per  liter. 
Area  of  electrode  =  23.5  cm^.     R  =  1600.     Room  temp. 


Fobs. 


0.0990 
o . 0448 
0.0728 
0.0739 


Per- 

Q 

V 

/ 

10*  X 

v// 

cent 
Cu- 
prous 

0.0590 

5-55 

7200 

7.64 

67.7 

0.0290 

5.23 

3600 

14  50 

54-5 

0.0443 

5  20 

7200 

7.23 

643 

0 . 0450 

565 

7200 

7.89 

64  3 

No. 


io»X 
[Cupric] 


io»X 


io»X 


I 
2 

3 
4 


0.396 
0.382 
0.219 
0.216 


j  Cupric  j    [Cuprous] 


2.83 

4-73 
0.71 

0.71 


0.229 
0.095 
o.  172 
o.  169 


io»X 
{ Cuprous } 


I    253 
0.288 

I.  138 
0.904 


8.05 

8.34 
8.27 

8.30 


0.320 
0.318 
0.319 
0.319 


0.6 
I  .2 
0.6 
0.9 


Table  XII 


Area  of  electrode  =  18  ems'.    Room  temp. 


R 

800 
1 100 
1 100 


10'' X 

LCI] 

I 

,  (Amp.) 

P 

0.0896 
0 . 068 I 
0 . 0804 

Q 

16.3 

15-8 
12.0 

0.047 
0  053 
0.024 

0.0858 
0 . 0638 
0 . 0560 

3-7 

2.7 
2.83 


io*X 


Percent 


V//      Cuprous 


5400 
3600 
7200 


6.86 
7  50 
3  92 


4-3 
7.0 

43-5 


29 
29 

53 


In  conclusion,  I  desire  to  express  my  thanks  to  Pro- 
fessor W.  Lash  Miller  under  whose  direction  the  above 
investigation  was  carried  out,  for  many  valuable  suggestions 
and  kind  encouragement  during  its  progress. 

SUMMARY 

Having  found  that  it  was  possible  to  make  copper  dis- 
solve anodically  in  hydrochloric  acid  w^hoUy  as  cupric  or 
wholly  as  cuprous  or  as  a  mixture  of  these  in  any  desired 
proportions  depending  upon  the  concentration  of  acid,  cur- 
rent density,  rate  of  stirring  and  rate  of  circulation  of  the 
electrolyte,  it  suggested  itself  that  there  may  be  equilibrium 
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at  the  surface  of  the  anode  between  metallic  copper  and  the 
cupric  and  cuprous  salts  in  solution  according  to  the  equation, 

Cu  -h  Cu  :^  2Cu. 

A  number  of  experiments  were  therefore  undertaken  to 
test  this  supposition  quantitatively. 

As  the  concentrations  of  the  cupric  and  cuprous  salts 
at  the  electrode  were  very  different  from  those  in  the  solu- 
tion— sometimes  they  were  twenty  times  as  great — they  had 
to  be  calculated  from  the  latter  by  allowing  for  diffusion. 

In  these  calculations  there  was  required  a  knowledge  of 
//&,  and  l/k^  (where  /  denotes  the  thickness  of  the  diffusion- 
film  and  fe,  and  k^  are  the  diffusion  constants  of  cuprous  and 
cupric  salts  respectively).  A  method  was  therefore  devised 
for  obtaining  these  constants  experimentally. 

Electrolyses  were  carried  out  in  which  the  concentration 
of  hydrochloric  acid  was  varied  from  4.65  X  lo"*  to  16.15  X 
lo"'  normal,  the  current  from  0.013  to  0.051  ampere,  the  anode 
area  from  18  to  47  ems',  and  the  rate  of  circulation  of  the 
electrolyte  through  the  cell  varied  from  0.242  to  2.361  cm* 
per  second.  It  was  found  that  the  fraction  of  copper  dis- 
solved as  cuprous  varied  from  25  to  74  per  cent. 

From  the  values  of  the  concentrations  at  the  electrode 

as  calculated  for  all  these  experiments,  values  of  the  **constant" 

+  -I- 
K  =  lCui/{CuP   were    determined.     These    were   found    to 

be  in  good  agreement  with  the  number  deduced  from  the 
equilibrium  experiments  of  Bodlander  and  Storbeck  in  which 
copper  powder  and  cuprous  chloride  were  shaken  with  solu- 
tions of  potassium  chloride. 

Finally,  the  fraction  of  copper  dissolved  as  cuprous  salt 
at  a  rotating  anode  in  hydrochloric  acid,  with  varying  con- 
ditions of  concentration  of  acid,  current  density,  rate  of 
rotation  and  rate  of  circulation  of  the  electrolyte,  was 
calculated  from  this  theory  and  found  to  be  in  good  accord 
with  the  experimental  results. 
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At  the  present  time  the  conception  of 
continuity  or  unity  or  uniformity  plays 
a  great  part  in  all  departments  of  acience ; 
not  only  that  continuity  in  time  postu- 
lated by  geologists  and  paleontologiata, 
but  the  idea  that  all  the  divisions  and 
classes  established  by  science  are  but  con- 
venient though  perhaps  indispensable 
tools  of  the  human  mind,  while  nature, 
the  object  of  our  study,  is  one  and  indi- 
visible. 

To  take  examples  from  biology:  mod- 
em systematists  agree  that  the  concep- 
tions genus,  species,  variety,  race,  shade 
into  one  another,  so  that  what  in  one 
group  are  regarded  as  generic  distinc- 
tions, in  another  are  hardly  allowed  to 
differentiate  species;  the  very  word  biol- 
ogy recognizes  the  non-existence  of  a 
boundary  between  animal  and  vegetable; 
and  a  group  of  workers  of  the  present 
day  are  busy  removing  even  the  distinc- 
tion between  inanimate  and  animate. 

This  view  of  nature,  though  now  so 
widely  accepted,  is  by  no  means  contem- 
poraneous with  the  birth  of  modem  sci- 
ence; it  came  in  only  when  the  study  of 
the  most  striking — because  extreme — ob- 
jects or  relations  had  been  followed  by 
that  of  the  less  strongly  characterized 
connecting  links;  and  its  acceptance  has 
been  hindered,  in  many  cases,  by  the 
prevalence  of  certain  extra-experimental 
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or  extra-observational  "explanation] 
made  up  to  account  for  the  earliest  stu 
icd,  exceptional,  phenomena. 

Thus  modem  geology  was  preceded 
a  period  of  explanation  by  "catastrophes 
and  modem  biology  by  a  period  in  whi 
the  theory  of  separate  creation  of  each 
the  Linnean  species  was  elevated  almc 
to  the  rank  of  a  religious  dogma;  in  bo 
cases  the  main  difficulties  the  new  vii 
(of  continuity,  as  I  am  calling  it)  bad 
encounter,  were  due  to  the  wrench  it  c< 
to  break  with  the  old  familiar  extra-c 
perimental  theories  or  explanations.  Tl 
again  was  to  be  expected;  the  theori 
were  invented  by  men  whose  minds  we 
deeply  impressed  by  certain  observatio 
or  relations,  their  object  was  to  "cxplaii 
these  relations  and  keep  them  before  t 
mind,  so  that  the  theories  can  hardly 
blamed  if  in  addition  they  kept  out  of  t 
mind  more  recently  discovered  facta  whc 
existence  their  originators  never  suspectt 

Our  own  science  has  passed  through 
similar  evolution,  jrodem  chemistry  I 
gan  with  the  study  of  the  most  striking 
all  chemical  phenomena,  the  phenomena 
combustion;  and  just  when  these  we 
robbed  of  much  of  their  mystery  by  t 
discovery  that  like  other  chemical  rei 
tions  they  obeyed  the  law  of  conservati 
of  weight,  a  new  interest  was  awakened  ' 
the  discovery  of  phases  of  invariable  coi 
position,  the  typical  chemical  compouni 
whose  study  laid  the  foundations  of  qua 
titative  analysis,  and  led  to  thn.  t 


■called  laws  of  chemical  combination 
■which  Dalton  's  atomic  theory  was  in- 
!Vent«d  to  explain. 

The  existence  of  such  compounds  is  fa- 
miliar enough  to  us,  but  a  century  ago  one 
lof  the  most  celebrated  chemists  of  his  day 
ntroYc  for  eleven  years  to  show  that  no 
iiueh  things  could  be.  This  may  serve  as  a 
^measure  of  the  interest  and  attention  at- 
■tracted  by  these  substances  at  the  time  of 
their  discovery ;  no  wonder  they  alone  were 
idesignated  "chemical"  compounds,  small 
[blame  to  those  who  thought  that  substances 
rao  striking  in  some  respects  must  prove 
I  nuique  in  all ;  how  natural  that  the  idea  of 
continuity  advocated  by  the  defeated  Ber- 
thollct  should  be  forgotten,  most  natural  that 
I  the  extra-experimental  theories  invented  at 
the  beginning  of  the  nineteenth  century 
should  make  a  sharp  distinction  between 
these  chemical  compounds  and  all  else. 

They  did  so  j  and  as  all  good  theories  of 
that  type  do,  they  kept  men's  minds  on  the 
facts  they  were  invented  to  explain;  while 
the  slowly  accumulating  "exceptions" — 
facts  out  of  harmony  with  the  tendency  of 
the  theory — being  unexplained,  and  thus 
lacking  a  powerful  aid  to  publicity,  failed 
of  their  due  influence  on  opinion.  The  dis- 
covery of  the  dissociation  of  chemical  com- 
pounds by  Deville  and  Debray — that  mar- 
ble, for  instance,  could  be  formed  or  broken 
up  by  the  action  of  an  air-pump — had  sur- 
prisingly little  effect  at  the  time;  but  the 
work  of  Horstmann,  Gibbs  and  van't  Hoff, 
not  to  mention  lesser  lights  by  name,  has  at 
last  made  it  abundantly  clear  that  the 
"affinity  of  the  atoms"  which  binds  to- 
gether the  constituents  of  chemical  com- 
pounds is  subject  to  the  same  laws  and  may 
be  measured  in  the  same  way  as  the  forces 
— hitherto  deemed  distinct — which  are  re- 
sponsible for  the  formation  of  solutions  and 
adsorpta. 

Thus,  hand  in  hand  with  the  study  of 
'ehemieal  equilibrium,  the  idea  of  eontinmty 


entered  chemistry,  and  has  tranafonned  it. 

The  high-school  text  books,  however,  as 
a  class,  in  their  tendency  deny  this  contin- 
uity in  toio. 

In  them  the  chemical  compound  and 
the  element  ("chemical  individuals"  for 
short)  retain  their  former  place  as  "the 
only  two  distinct  kinds  of  matter";  and 
mechanical  mixtures  are  distinguished  by 
being  separable  into  their  ingredients  "by 
mechanical  means,"  thus  ignoring  the  fact 
that  mechanical  means  have  been  found  for 
separating  the  ingredients  of  whole  groups 
of  chemical  compounds,  and  the  modem 
view  that  the  amount  of  mechanical  work 
necessary  to  bring  about  the  separation  is 
the  only  measure  we  have  of  the  affinities 
that  brought  about  their  union. 

Solutions,  in  some  of  these  books,  are  open- 
ly classed  with  the  mechanical  mixtures,  and 
in  all  are  spoken  of  in  language  applicable 
properly  to  the  latter  alone.  In  brine,  for 
instance,  salt  and  water  are  said  to  "retain 
their  properties  unchanged."  Not  to 
dwell  on  the  ridiculous  illustration  found 
in  many,  that  "the  salt  retains  its  taste" — 
as  though  dry  salt  could  be  tasted — this  as- 
sertion ignores  the  lowering  of  the  vapor 
tension  of  the  water,  and  consequently  the 
lowering  of  its  most  characteristically 
"chemical"  property,  its  chemical  poten- 
tial, or  power  to  enter  into  reaction.  Pare 
water,  to  give  an  instance,  reacts  at  30°  C 
with  the  chemical  compound  sodium  sul- 
phate to  form  its  hydrate  Glauber  salt, 
also  a  chemical  compound ;  the  reaction  ia 
thus  "chemical"  in  the  strictest  sense  of 
the  word,  as  none  but  chemical  compounds 
are  involved;  when  combined  with  salt  to 
form  a  saturated  brine,  however,  this  power 
of  the  water  is  lost. 

The  change  of  chemical  properties  which 
ia  ignored  when  a  solution  is  formed,  is  ex- 
aggerated when  a  chemical  compound  is  the 
result  of  the  union;  in  that  ease,  "an  en- 
tirely new  substance"  is  produced,  vhoee 
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eonstituents  have  "lost  their  characteristic 
properties."  Now,  surely,  the  most  char- 
acteristic property  of  oxygen  is  to  oxidize; 
does  it  lose  the  power  of  oxidizing  carbon 
by  combiaing  with  copper  1  if  so,  how  are 
the  "combustions"  of  the  organic  latiora- 
tory  to  be  accounted  for?  Does  it  lose  this 
power  by  combining  with  hydrogen  I  if 
80,  what  about  the  manufacture  of  water 
gasT  In  truth,  as  was  the  case  with  water 
in  brine,  the  eharaeteristie  properties  of 
oxygen  in  copper  oxide  and  in  water  are 
lessened,  not  lost.  It  is  not  even  safe  to 
say  that  chemical  combination  always 
brings  about  the  greater  change;  as  Bell 
has  shown,  water  combined  in  washing 
crystals  is  more  "itself"  than  when  saelied 
up  by  a  dry  cigar. 

It  might  be  ui^ed  in  extenuation  of  this 
exaggeration,  that,  after  all,  chemistry,  like 
other  sciences,  works  by  classification,  and 
that  children  like  diatinctions  sharp.  The 
heroes  of  boys'  books  are  heroes  every  inch ; 
their  fools  and  villains  likewise  Simon 
pure;  and  all  agree  that  problem  plays — 
where  the  problem  is  to  tell  the  villain 
from  the  fool  and  to  guess  who  is  the  hero 
— are  not  for  such  as  they ;  a  little  exag- 
geration might  therefore  be  defended  as 
good  pedagogy,  and  suited  to  the  childish 
mind.  This  might  be  a  good  excuse,  if  it 
were  not  that  (no  doubt  in  order  to  be 
up  to  date}  the  texts  while  denying  con- 
tinuity, include  much  of  the  experimental 
evidence  which  has  forced  this  conception 
into  our  science.  The  result  is  that  they 
contradict  themselves,  and  involve  the 
whole  subject  in  a  maze  of  vagueness  and 
mystification  foreign  to  the  scientific 
spirit;  an  example  or  two  of  each  will  be 
given,  beginning  with  a  typical  instance 
of  self-contradiction. 

Most  of  the  texts  give  their  readers  the 
impression  that  gunpowder  is  regarded  as 
a  mixtnre  containing  niter,  or  that  sul- 
phur and  iron  filings  form  a  mixture  coo- 


taining  sulphur,  or  that  the  high-8ch( 
grocers'  mixture  of  sand  and  sugar  is 
mixture  coutaining  sugar  because  t 
niter  or  the  sulphur  or  the  sugar  can 
leached  out  or  dissolved  by  water  or 
carbon  bisulphide,  that  ia,  by  liquids  whi 
dissolve  those  solids  when  pure.  It 
sometimes  added  that  the  ingredients 
the  mechanical  mixture  have  thus  be 
separated  by  the  "mechanical  operatioi 
solution.  And  yet,  every  high  sehi 
chemistry  gives  instances  of  solid  chemii 
compounds  decomposed  by  water,  a 
some  even  speak  of  the  hydrolysis  of  sa 
like  bismuth  nitrate,  which  can  be  form 
by  bringing  together  bismuth  hydrate  a 
nitric  acid  of  the  proper  concentration  a 
from  which  by  treatment  with  water 
the  nitric  acid  can  be  removed,  leaving  1 
bismuth  hydrate  behind.  Such  instam 
of  self-contradiction  (where  the  ma. 
premise  of  some  argument  is  quietly  nej 
lived  elsewhere  in  the  book)  are  scattei 
broadcast.  "In  spite  of  the  most  caref 
ness,"  to  quote  from  the  advertisement 
a  new  German  balance,  "the  rider  w 
fall";  and  the  most  carefulness  has  c 
tainly  been  employed  in  books  which  i 
syrup  instead  of  brine  in  their  illust 
tions  out  of  respect  for  the  ions,  and  wh: 
the  Roozeboom  diagram  has  driven  to  si 
stitute  platinum  for  iron  in  the  old  n: 
leading  statement  that  "powdered  in 
magnetized  iron,  glowing  iron  and  mell 
iron  are  just  as  truly  iron"  as  a  ci 
poker.  For  one  illustration  is  as  bad 
another  if  it  is  used  to  confound  solutit 
with  mechanical  mixtures,  or  to  obsci 
the  fact  that  chemical  properties  char 
with  the  temperature,  and  in  some  ca 
are  measurably  affected  even  by  fine  grii 
ing. 

The  vagueness  of  the  texts,  already 
ferred  to.  serves  to  keep  their  self-cont 
dietion  in  a  measure  bidden.  If  evi 
statement  is  indefinite,  all  caxi.  V**  -wr 
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'eiled;  and  what  couJd  be  less  definite  than 
the  customary  definition  of  an  element  as 
a  substance  from  which  "nothing  simpler 
■than  itself"  can  be  obtained,  if  the  mean- 
ing of  "simpler"  is  left  to  be  gueasedf 
Unless  perhaps  it  be  the  definition  of  a 
molecule  as  "the  smallest  quantity  of  a 
compound  that  can  exist  alone,"  or  the 
'corresponding  indefinitions  of  atom,  afiin- 
ity,  stability,  valence,  solvent  and  solute. 
■  This  vagueness  is,  naturally,  most 
marked  just  where  clearness  of  thought 
and  precision  of  statement  would  show  the 
nntenability  of  the  exceptional  position 
assigned  to  the  chemical  individual;  so 
that  it  is  hardly  surprising  to  find  that 
not  one  of  the  texts  gives  a  working  defi- 
nition (i.  e.,  one  that  ean  he  applied  in 
the  laboratory)  of  the  very  group  of  sub- 
stances which  figures  so  prominently  in  all 
of  them. 

One  of  the  Best  Sellers  defines  chemical 
changes  as  "those  which  involve  a  change 
in  the  composition  of  the  matter,"  while 
"sugar  may  be  dissolved  in  water,  but 
neither  the  sugar  nor  the  water  is  changed 
in  composition."  This  book,  like  the  rest 
of  them,  brings  in  all  the  usual  extra-ob- 
servational hypotheses  to  "explain"  the 
ordinary  "laws  of  chemical  combination," 
but  gives  no  explanation  whatever  of  this 
most  extraordinary  use  of  the  word  "com- 
position"; although  on  this  indefinition 
of  chemical  change  is  based  the  definition 
of  chemical  compound,  that  of  mechanical 
mixture,  and  by  implication  that  of  chem- 
ical affinity  as  well. 

Let  us  enquire  what  significance  is  at- 
tached in  the  practise  of  the  present  time 
to  the  terms  mechanical  mixture  and 
chemical  compound;  we  shall  then  be  in  a 
position  to  appreciate  the  dJfBculty  in 
which  the  text-books  find  themselves  and 
from  which  they  seek  to  escape  by  the  em- 
ployment of  systematic  mystification  as  an 
Aid  to  teaching. 


Mechanical  mixtures  which  for  years 

have  posed  in  the  pages  of  Datomer  as 
chemical  compounds,  are  by  the  applica- 
tion of  the  phase  rule  daily  being  removed. 
What  criterion  has  been  adopted  in  each 
of  these  cases?  Stripped  of  technical 
terminology  it  is:  Whenever  the  reacting 
power,  or  potential,  of  a  given  substance 
(say  niter)  at  fixed  temperature  and 
pressure  is  not  affected  by  bringing  it  to- 
gether with  certain  other  substances  (sul- 
phur, charcoal)  the  resultant  body  is  to 
be  classed  as  a  mechanical  mixture  with 
the  substance  in  question  (niter)  as  one 
of  the  constituents.  In  the  simple  case  of 
gunpowder  it  is  sufficient  to  find  whether 
or  no  the  solubility  of  the  niter,  in  water, 
for  instance,  remains  unchanged ;  but  in 
the  most  complicated  cases  the  principle 
remains  the  same.  The  condition  of  com- 
parison at  constant  pressure  (comparison 
at  constant  volume  is  impossible  with  aol- 
ids  and  liquids)  excludes  air  and  such-like 
"mixtures  of  gases";  while  whenever  (as 
with  arsenious  sulphide  and  water)  the 
change  in  chemical  power  is  so  slight  as  to 
remain  in  dispute,  a  discussion  may  arise 
as  to  whether  the  resultant  "pseudo-so- 
lution" is  to  be  classed  with  the  solutions 
or  with  the  mechanical  mixtures — quite 
naturally,  for  at  this  point  the  two  clasaes 
run  into  one  another. 

All  this  is  simple  and  has  proved  im- 
portant in  practise;  but  being  based  on  a 
view  of  solutions  radically  different  from 
that  of  the  texts  under  discussion,  it  can 
find  no  place  in  them. 

The  chemical  compounds,  or  rather  the 
substances  so  classed  in  the  high  school 
texts,  may  be  grouped  under  three  beads. 
First,  silver  chloride  and  other  phases  of 
invariable  composition,  which  could  be 
defined  by  adopting  the  "law"  of  com- 
bination in  definite  proportions  as  the  defi- 
nition of  the  group ;  second,  water  and  sim- 
ilar bodies,  which  though  not  ph&aea  of  in- 


variable  compositioD,  can  be  "pnrified" 
by  fractionation  without  paying  special 
regard  to  the  pressure  at  which  the  diatil- 
latioa  is  carried  out;  and  third,  a  group 
of  which  sulphuric  acid  may  be  taken  as 
the  type.  In  the  text  books,  the  "chem- 
ical compound"  sulphuric  acid  ia  de- 
scribed as  "an  oily  liquid  of  s.g.  1.838  at 
15°  C";  it  is  in  fact  one  of  the  continu- 
ous series  of  sulphuric  acids — from  dilute 
to  fuming — used  in  the  laboratory,  and  is 
thus  not  a  phase  of  invariable  composi- 
tion; neither  can  it  be  "purified"  by 
fractionation  like  water,  while  to  include 
it  among  the  chemical  compounds  because 
it  freezes  to  a  homogeneous  solid  of  the 
same  composition,  would  open  the  door 
wider  than  is  consistent  with  general 
usage. 

As  a  matter  of  fact,  the  name  sulphuric 
acid  and  the  formula  HjSO,  were  both 
introduced  into  chemistry  without  any 
special  reference  to  the  properties  of  this 
particular  liquid,  and  would  in  all  prob- 
ability have  won  their  way  even  if  no  sub- 
stance of  the  composition  HjSO,  could  be 
prepared — such,  at  all  events,  was  the  case 
with  the  analogous  "compounds"  car- 
bonic acid  and  ammonium  hydrate.  For- 
mulas like  H,SO„  HjCO,,  NH,OH  and  the 
names  that  go  with  them,  are  merely  relics 
of  one  of  the  past  attempts  to  represent 
symbolically  the  properties  of  solutions; 
in  the  old  days,  reagent  bottles  of  sul- 
phuric acid,  whether  concentrated  or  di- 
lute, were  labelled  SO,,  then  HjSO,  was 
substituted,  and  now,  perhaps,  2H  +  S6„ 
the  symbol  H,SOt  being  retained  with  a 
different  meaning.  The  change  from  one 
of  these  systems  of  formulation  to  another 
was  due  to  a  study  of  the  properties  of 
solutions  as  a  class;  can  the  text-booka  on 
their  principles  make  this  cleart  Let  ns 
see  how  they  deal  with  aymbola. 

The  symbols  HCI,  AgNO,,  HNO,  and 
AgCl  are  defined  to  give  the  compositions 


and,  when  known,  the  vapor  densities  ( 
the  compounds  they  represent.  Polloi 
ing  these  definitions  the  symbol 

Ha  -1-  AgNO,  =  HNO,  +  AgCl 

purports  to  record  what  happens  wl 
hydrogen  chloride,  the  gas,  and  silver  u 
trate,  the  solid,  are  brought  togethe 
Perhaps  the  change  represented  woul 
actually  take  place,  if  the  conditions  we; 
favorable;  let  us  assume  that  it  woul 
Throughout  the  books,  however,  equatioi 
of  this  type  are  employed  to  represent  r 
actions  "in  solution";  i,  e..  in  the  case  s 
lected,  when  hydroehlorie  acid  (a  aolutit 
of  the  gas  in  water)  is  poured  into  s 
aqueous  solution  of  silver  nitrate. 

Now,  it  is  obvious  that  the  use  of  syi 
bola  is  just  as  legitimate  in  chemistry  i 
it  is  in  mathematics;  and  although  an  e: 
perienced  analyst  would  attend  to  mar 
matters  not  referred  to  in  the  symbt 
would  use  rather  more  hydrochloric  acj' 
and  would  cspect  to  get  rather  less  silvi 
chloride  than  the  quantities  representf 
in  the  equation,  yet  considering  its  brevil 
the  symbol  gives  a  fairly  accurate  idea  ( 
the  quantities  involved,  it  is  therefore  i 
considerable  practical  use,  and  deserv< 
careful  explanation  in  the  texts.  No  bu( 
explanation  is  offered,  and  indeed  none 
needed  by  those  who  regard  solutions  i 
mechanical  mixtures;  in  their  eyes  tl 
water  has  as  little  right  to  representatic 
in  the  chemical  equation  as  has  the  gla 
of  the  beaker  in  which  the  precipitation 
made. 

From  such  a  starting  point,  however, 
clear  idea  of  the  meaning  of  our  preset 
formulation  of  solutions  is  not  to  I 
reached ;  the  high  school  treatment  of  an 
monium  hydrate  and  carbonic  acid — di 
cussions  of  the  probability  of  "ehemia 
combination"  between  ammonia  and  wate 
for  instance,  without  first  fixing  tt 
meaning  of  the  term — only  makes  thinf 


■■woree;  and  in  the  end  we  find  the  children 
"believing"  in  ions,  or  "disbelieving"  in 
hydrates-in-solution,  just  as  a  few  years 

.  before  they  believed  in  fairies.  The  idea 
that  our  present  method  of  formulating 
solutions  is  but  a  more  or  less  imperfect 
symbolic  representation  of  laboratory 
facts,  will  eome  upon  them  later,  if  it  ever 
comes  upon  them,  like  the  discovery  that 
Santa  Claus  is  but  a  kind  thought;  one 
experience  of  that  kind  ought  to  be 
enough. 

Bacon  says — I  quote  at  second  hand 
through  Husley — that  "truth  comes  out 
of  error  much  more  readily  than  out  of 
confusion,"  and  Freeman,  speaking  of  his- 
tory, says  that  "the  diflference  between 
good  and  bad  teaching  mainly  consists  in 
this,  whether  the  words  used  are  really 
clothed  with  a  meaniug  or  not."  Is  chem- 
istry so  different!  Are  vagueness  and 
dodging  really  necessary  in  the  text-books 
of  our  science  J  They  are,  so  long  as  in 
the  theoretical  part  the  conception  of  con- 
tinuity is  negatived,  while  in  the  practical 
part  experiments  are  described  which 
have  forced  that  conception  into  the  sci- 
ence. 

A  change  is  unavoidable;  but  it  is 
wholly  unnecessary  to  give  up  the  inter- 


esting chemical  esperimenta  for  pnwy  dis- 
quisitions on  water,  ice  and  steam,  or  to 
fill  the  book  with  "How  Old  Is  Ann" 
thermodynamical  problems  adapted  from 
van  Laar.  Striking  phenomena  are  as  in- 
teresting to  beginners  to-day  as  they  were 
a  hundred  years  ago,  but  gradations  too 
exist,  and  their  existence  must  not  be  de- 
nied. 

Until  this  change  is  made,  children  will 
be  trained  to  accept  obscure  equivocal  and 
dogmatic  statements  in  place  of  clear  and 
exact  thought,  and  to  be  glib  with  words 
they  do  not  underetand.  Such  discipline, 
enforced  in  the  name  of  science,  of  oar 
science,  far  from  ensuring  the  results 
prophesied  by  those  whose  efforts  ob- 
tained for  these  new  studies  the  place  they 
now  occupy  in  the  schools,  can  hardly  fail 
to  injure  pupil  and  teacher  alike,  depriv- 
ing them  of  mental  self-reliance  and  the 
power  to  weigh  evidence  and  think  clearly. 

Unless  a  change  be  made,  chemistry  will 
surely  cam  a  place  among  that  group  of 
pedagogic  processes  which  Huxley  strove 
so  hard  to  have  displaced,  and  which  he 
characterized  as  the  direct  and  prevent- 
ible  cause  of  most  of  the  world's  stupidity. 
"W.  Lash  Miu^br 


-■r 


'^'>; 


i 


UNIVERSITV  OF  TORONTO  STUDIES 
fApau  FROM  nai  Ciikmicai-  LvnoitATORiKv 


No.  58:  The   rattfs  of  ihe  reactioos   to   soluUons  conmiaing 
potassium  bromatc,  potAcsiuin  iodide,  «nd  hydrochloric 
acid,  by  RaBBRT  H.  Clark     ....  ....      0.^$ 

On  the  mcchaninn  o(  induced  reaclians,  by  Professor 

W,  Lash  Millbr  . .  , . . .  0.15 


No.  59: 
No.  too: 
No.  to  I 
No.  61 


xidatioa  of  antenlous  acid   by  chromic 
I  E.  Usuiitv  . .      -      .    .... 


cid.  by  R. 
:  The  induction  by  arsenious  add  o(  Ihc  reaction  between 

chromic  and  hydriodic  »cids,  by  Ralkh  V..  OkLl'rv 

:  The    detection   and   esiimation    of  a-napbthoquinoiie, 

^-naphthoquinone,  phthidonic  acid  and  phlhalic  acid, 

by  Maitland  C.  Boswell 

No.  63:  The  delcfiofating  ciTect  of  "acid  pickle"  on  steel  rods, 
aud  their  partial  restoration  on  "bakiii| 


■■  bv  Hbrb&kt 


No.  64: 
No.  65: 

No.  66: 
No.  67: 
No.  68; 

No.  69: 

No.  70: 

No.  71: 

No.  73: 


A.  Bakek  and  Profeiinor  W.  K.  t.A 
The  oxidiilion  of  naphthalene  to  phtlialoiiic  acid  by 
alkaline  solutions  of  permanijaRatc  by  K.  Akihuk  Dauv   i 
Thf  reaclion  between  brotnic,  hydriodic  and  arsenious 

acids,  by  Freu.  C.  Bowman  . 1 

The  course  of  the  oxidation  of  ^-naphthoquinone  to 

phthalic  acid,  by  Maiti^.^D  C.  Bohweu. 1 

The  experimental  data  of  the  quaniiiaiive  measure- 
ments of  electrolytic  tntgnUlou,  by  J.  W.  McBain 1 

The  estimation  of  boric  acid  and  borates  in  foodstuffs 
and  commercial  products,  by  R.  J.  Mannino  and  Pro- 
fessor W.  R.  Lang < 

A  new  type  of  catalysis,  tlie  acceleration  by  chrotnic 
acid  of  the  reaction  between  bromic  and  hydriodic  acids, 

by  RoBBRT  H.  Clark 

An  improved  form  of  apparatus  for  the  rapid  estima- 
tion of  sulphates  and  salts  of  barium,  by  Professor  W. 
R.  IjiNG  and  T.  B.  Ai.utN , 


I  purposes,  by 


The  rfTcd   of   acetuoe   un  the   transport    numbers   of 
sodium  and  potassium  chlorides  in  aqueous  solution, 

by  Hb.s-ry  V.  Lewis  -  - .        - . . . , * 

The    condensation   of  .iLetone    wiili    oi.ilic    ester,    by 
Rouert  H.  Clahk 


No. 

74: 

.No. 

75' 

Nil. 

76: 

No. 

77' 

No.  78: 

No.  79: 
No.  80: 
No.  81 : 
No.  83: 
No.  8j: 

No.  84; 

No.  85: 

No.  86: 

No.  87. 

No.  88: 
No.  84: 

No.  90: 
No.  91 : 

No.  gz: 

No.  93'- 
No.  94: 


Stsrnte-ute'rs  of  anceitious  71'  ' 

Lang.  J.  F.  Mackkv  And  K 
Volumelric  esiimalion  of  sil- 

Lanc  Anil  J.  O.  VVoaniii]t/»iE 

CopptfT  aoodcK  in  chloride  «oluUon)i.    I 

The  cffeci  of  ferric  s«lis  ou  llifl  rate  . ;   l, ^..   ... 

fen-ims  ^uhn,  bjt  W.  P.  C1RII8N .    0.*$ . 

Loss  of  c»riion  Jiiring  soiution  of  Sled  in  potassium 
cupric  chloride,  by  E.  F'.  MooRB  and  Professor  J.  W. 

Baik ,  -,    -  -    ,    0.J5 

Tile  induction  bv  ferrous  .•laliA  of  the  re^ciicn  between 
chromic  »nd  hydrtudic  adds,  hy  RoMs  A.  GitRTNtin      .    11.35 
lndirc>:i  nnalysis   by   ini;an!>  of  the  diJauuneter,  by 

ProftfiMOT  W.  Labh  Millkm  . -  -  -    tv^j, 

The  "melting-point"  of  hydraied  sodium  acetftte,  by 

W.  F.  Grehn .- 

The  hydrates  and  add  salts  of  ferrous  sulphata,  hyi!! 

Profexaor  Frank  B.  KeMRii^R 

The  behaviour  of  colloidal  suspensions  with  immisdble 
solvents,  by  Professor  W.   Laoii  MiLum  and  R.   M. 

McPaBKsaN  .    - , .  i 

Some  eicters  of  uniimoiiy  trioxido,  b)'  jaiiM  I- 1' 
MacKev  .  ,  ,..,.,..,.,., 

Harccmrt  and   Evton's  tde»  in  chemical  mech.ir 

Proressor  VV.  Lash  Mili.br 

Tlte  theory  of  the  direct  method  of  detecminii.i: 

port  numbers,  by  Professor  W.  l^xir  &llt.t.UK 

Some  esters  of  arsenious  add,  Part  I):    Resofu[>}l 

arsenitc,  by  ProfcxKor  VV.  R.  LjiH<i  &  J.  O.  WinriilioniiR  0.35 

A  third  Rieihyl  ester  of  pbthalJc  add,  by  C  G.  Allin  0.15 

Note  on  th«  oxidation  ^nnph the <)ui none,  by  C    H. 

RoBissoN ,  .    , . . ,    .      ,    ,  o.a5 

fithyl  tannacc,  by  R.  J.  Maswinc o-aj 

ExptM'imcuEal  deicrmJuation  of  biuudal    i-urvcs,   plait 
points,  and  tie  lincN,  in  fifty  .-tyKteiiu,  cuch  cunMsting  of 
water  and  two  organic  liquids,  by  Waukr  D.  Bonnhk.   o,*S- 
Mathcmaticul  theory  of  the  changes  of  comment  rail  on 
at  thtt  electrode,  Professors  T.  R.  RontnKinM  and  W. 

La!i[i  Millbr - .  a  ^tf"  * 

The  behaviour  of  •:opper  anodes  in  chloride  >;^  1 ' 

by  S.  Dl-skman  .       

The  chcmik-ni  philosophy  of  tlic  Hinh  Sth,  . 
books,  by  Profeiisor  W.  Lash  Mill£k 


'WIS 


UNIVERSITY    OF   TORONTO 
STUDIES 


PAPERS  FROM  TOE  CHBMICAL  LABORATORIES 


No.    «:     LANTERN     EXPERLMENTS    ON    REACTIONS    IN 
NON-HOMOGENEOUS  SYSTEMS.  »v  Fraxk  B.    KiraiilcK 


THE  UNIVERSITY  LIBRARY:  PUBLISHED  BY 
THE  LIBRARIAN,  1911 


laniMcrett^  of  Toronto  Stubice 

COMMirrCE  OF  MANAGEMENT 


Chairman:  Rouert  Alexandbr    Falconer,  M. A.,  LltLD.,  I.L.D.,  D.D. 
President  of  the  University 

Professor  W.  J.  Alexander,  Pn.D. 
Propbssor  W.  H.  V.ua%.  M.A.,  M.B. 
Professor  A.  Kirschmann,  Pn.D. 
PKoifEiisoR  J.  J.  Mackenzie.  B.A. 
Profesmr  R.  Ramsav  Wriciit,  M.A.,  tS-Sc.  LL.D. 
Professor  Gkorcb  M.  Wronc,  M.A. 
_  General  Editor:  H.  II.  Laniito.v,  M..\. 

Librarian  of  ibc  Uoiveririty 


LANTERN  EXPERIMENTS  ON  REACTIONS  IN  NON- 
HOMOGENEOUS  SYSTEMS' 


BY   FRANK    B.    KENRICK 

The  use  of  ^aphs  for  expressing  experimental  relations 
has  done  much  to  simplify  the  teaching  of  general  chemistry. 
A  good  diagram  not  only  gives  a  concrete  picture  of  a  rela- 
tion abstracted  from  tables  of  numbers  but  possesses  also  a 
peculiar  fascination  of  its  own  for  the  average  mind.  A 
research  student  exp)eriences  a  feeling  of  elation  over  his  first 
experimental  graph  that  is  rivalled  only  by  the  sense  of 
proprietorship  of  the  organic  chemist  towards  his  first  **new 
body/'  But  in  this  very  fascination  there  is  a  pedagogical 
danger.  As  the  student's  enthusiasm  for  the  diagrams  in- 
creases his  interest  in  the  troublesome  chemicals  often  wanes; 
he  begins  to  talk  of  melts  moving  along  curves  as  if  they  were 
baseballs  and  to  think  of  common  salt  existing  in  "fields'* 
instead  of  in  the  sea. 

To  offset  these  dangers  it  has  become  the  custom  to  draw 
diagrams  of  pistons  and  cylinders  alongside  the  graphs, 
in  the  hop)e  of  keeping  the  balance  between  experiment  and 
representation.  With  the  idea  of  making  these  conventional 
cylinders  and  pistons  more  realistic  the  writer  has  used  actual 
tubes  containing  the  chemicals  which  may  be  thrown  on  the 
screen  as  working  models. 

The  main  difficulty  in  these  experiment?  is  in  making  an 
air-tight  frictionless  joint  between  the  piston  and  cylinder. 
The  only  packing  that  the  writer  has  found  practicable  is 
mercury,  and  since  the  leakage  is  prevented  only  by  surface 
tension  the  pressures  must  be  limited  to  comparatively  small 
values.  The  four  following  experiments  illustrate  the  use 
that  may  be  made  of  these  models. 

'  These  experiments  were  shown  for  the  first  time  at  the  Washington 
meeting  of  the  American  Chemical  Society,  December,  191 1,  in  a  lecture  by  Mr. 
H.  K.  Howe  and  the  writer.  The  excellent  Bausch  &  Lomb  Convertible  Balopti- 
cc>n  was  used  in  all  the  experiments;  the  arrangement  of  apparatus  described  in 
Nos.  5  and  6  applies  particularly  to  this  lantern. 


Frank  B.  Kenrick 


I.  Boyle's  Law. — A  is  the  cylinder  tube  (Fig.  i)  in  which 
the  piston  B  fits  loosely  but  closely.     Both  A  and  B  are 


-Fig.i- 


\  of  fullsize 


-Fig.  2- 


flattened  at  the  boltom  for  appearance  sake.  C  is  a 
of  lead  weights  do  grams  each),  hung  on  a  piece  of 
thread,  the  u[^r  end  of  which  is  wound  round 
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winch  D.  The  point  of  the  rod  E  fits  loosely  into  the  little 
ring  on  the  handle  of  the  winch,  which  may  be  turned  by 
moving  the  weight  F  in  a  small  circle,  there  being  a  sufficient 
play  at  G  to  allow  a  slight  side  motion. 

The  apparatus  is  all  put  together  with  the  exception  of 
the  joint  H.  The  tube  and  piston  are  thoroughly  cleaned 
and  dried  and  about  7  mm  of  mercury  is  poured  into  A.  A 
little  bulb.  A/,  open  at  one  end  and  containing  air,  is  dropped  in 
and  then  the  piston  is  inserted  and  pushed  right  down  until 
enough  mercury  has  been  squeezed  up  to  fill  the  waist.  After 
connecting  at  H  the  apparatus  is  exhausted  through  P  by 
an  air-pump  (a  filter-pump  is  hardly  sufficient).  The  air 
contained  in  the  little  bulb  gradually  expands  and  lifts  the 
piston  to  the  weights.  If  one  weight  is  not  sufficient  to 
balance  the  pressure  when  the  piston  is  at  the  edge  of  the 
field  of  the  lantern,  shown  by  the  dotted  line,  the  weights  are 
cautiously  raised  till  the  piston  reaches  the  expansion  in  the 
cylinder,  when  a  few  bubbles  of  air  may  be  allowed  to  escape 
past  the  seal, 

■When  the  weights  are  lowered  the  piston  should  go  down 
smoothly,  a  definite,  but  decreasing,  distance  for  each  addi- 
tional weight.  If  it  sticks  it  means  that  either  the  tube  or 
mercury  is  dirty,  A  well  selected  piston  of  the  dimensions 
shown  will  support  a  weight  of  200  grams,  without  the  seal 
giving  way. 

A  few  points  may  be  noted  in  regard  to  making  the  ap- 
paratus. A  length  of  tube  is  selected  first  for  the  cylinder 
by  running  a  pair  of  cali|jers  over  the  stock  of  glass.  The 
exact  size  is  less  important  than  uniformity  of  bore.  In 
choosing  the  piece  for  the  piston  it  will  generally  be  found 
that  if  the  end  of  a  stick  of  glass  fits  approximately,  there  will 
be  one  piece  in  Ihe  stick  of  the  right  size.  A  number  of  pieces 
about  three  inches  long  should  be  corked  at  one  end  and 
dropped  into  the  closed  cyhnder.  One  that  falls  slowly  as 
the  air  escapes  and  shows  no  tendency  to  stick,  even  when 
turned  through  various  angles,  should  be  chosen.  In  making 
the  waist  in  the  piston  a  rod  should  be  sealed  through  the 
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tube  as  shown  in  Fig,  i,  K  and  the  whole  rotated  in  a  small 
hot  flame.  In  this  way  the  two  ends  are  kept  exactly  con- 
centric. 

The  lead  weights  should  be  painted  with  melted  sealing- 
wax,  otherwise  they  are  sure  to  become  amalgamated  by  the 
mercury  and  the  mobility  of  the  seal  is  spoiled.  They  may  be 
strung  on  a  thread,  in  which  knots  are  tied  at  intervals,  and 
made  fast  by  pressing  the  lead  round  the  thread  with  a  pointed 
tool.  A  little  hook  on  the  barrel  of  the  winch  catches  a  loop 
in  the  end  of  the  thread,  which  can  be  poked  up  through  the 
tube  at  H,  The  weight  F — a  cork  with  a  strip  of  lead  round 
it — prevents  the  winch  from  unwinding.  The  rubber  joints 
may  be  made  tight  with  tap-grease. 

When  once  set  up  the  apparatus  may  be  kept  for  a  week 
or  more  ready  for  use,  but  requires  occasional  re-exhausting. 

2.  Vapor  Pressure. — The  apparatus  is  similar  to  that 
used  in  Exp.  i .  The  little  bulb,  M,  is  filled  completely  with 
freshly  boiled  water  (which  has  just  the  right  vapor  pressure 
for  the  apparatus)  and  mercury  is  squeezed  into  the  seal  as  in 
Exp.  I.  In  exhausting  the  apparatus  water  vapor  should 
be  allowed  to  bubble  through  the  seal  at  the  expansion  until 
about  half  the  water  has  evaporated  out  of  the  bulb,  so  as  to 
get  rid  of  the  small  quantity  of  air  always  left  in  the  corners. 
If  the  water  is  not  freshly  boiled  it  is  apt  to  flow  out  of  the 
bulb  on  exhausting,  and  the  bubbling  past  the  seal  becomes 
too  violent  and  uncontrollable. 

The  piston  should  go  smoothly  up  and  down  on  lifting 
or  adding  one  extra  weight.  By  gently  warming  the  tube 
by  the  hand  or  by  a  small  flame  more  weights  are  lifted. 

When  freshly  filled  this  apparatus  works  admirably,  but 
after  a  day  or  so  the  piston  is  apt  to  stick  slightly  at  the 
position  in  which  it  has  been  left.  The  writer  has  found  it 
better  to  rub  out  the  cylinder  with  a  slightly  oily  cloth.  The 
water  vapor  then  always  condenses  on  the  mercury  and  not 
on  the  sides  of  the  glass,  and  if  the  piston  is  left  down  when 
not  in  use  the  sticking  is  avoided. 

5.   Vapor  Pressure  and   Temperature. — Several   very  in- 
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structive  experiments  may  be  made  at  atmospheric  pressure 
with  a  simpler  form  of  apparatiis.  See  Fig.  2.  The  cylinder 
and  piston  may  be  made  from  two  carefully  selected  test 
tubes,  though  closeness  of  fit  is  not  so  necessary  as  in  the 
previous  experiments.  A  bulb  about  the  size  of  a  pea  on  the 
end  of  a  thin-walled  capillary  lube  sealed  through  the  cylinder 
near  the  bottom  serves  as  an  air- thermometer,  the  tem- 
perature being  registered  by  the  height  of  a  drop  of  mercury, 
R.  The  upper  end  of  the  thermometer  is  protected  from 
breakage  by  the  hook  of  glass  -S,  which  also  ser^*eS  to  hold 
the  scale,  made  by  drawing  out  a  microscope  slide  and  mark- 
ing the  figures  with  india  ink. 

Enough  alcohol,  or  other  liquid,  to  cover  the  thermometer 
bulb  is  poured  into  the  cylinder  without  wetting  the  sides. 
By  holding  the  piston  about  half  way  out  of  Uie  top  of  the 
cylinder  mercury  may  be  poured  into  the  seal.  If  the  tube 
is  then  slightly  inclined  the  piston  may  be  pushed  slowly 
down  to  the  alcohol  while  the  air  bubbles  up  through  the 
mercury.  A  small  bubble  of  air  should  be  left  to  prevent 
superheating.  The  top  of  the  piston  must  be  slightly  turned 
in,  to  prevent  the  mercury  bubbling  over  into  the  hollow  of 
the  piston. 

The  cylinder  is  hung  loosely  in  a  larger  thin-walled  tube, 
4  cm  in  diameter,  as  shown  in  the  diagram.  The  temperature 
can  be  slowly  raised  or  lowered  by  a  current  of  air,  the  heat 
being  conveniently  supplied  by  a  heated  copjjer  tube,  as 
shown,  attached  to  the  glass  by  asbestos  paper.  On  raising 
the  temperature  to  a  certain  point  the  piston  rises;  on  cooling 
a  few  degrees  it  drops  back.  The  thermometer  scale  need 
be  graduated  only  very  roughly  as  long  as  the  7S  mark  corre- 
sponds to  the  temperature  at  which  the  piston  goes  up.  The 
superheating  of  a  liquid  may  be  shown,  if,  during  the  heating, 
the  piston  be  pushed  down  several  times  so  that  the  alcohol 
vapor  bubbling  through  the  seal  carries  out  the  remaining 
air.  After  now  completely  condensing  the  vapor  the  liquid 
may  be  heated  well  over  the  boifing  point,  until  the  piston 
is  suddenly  driven  violently  up  to  the  top  of  the  cylinder. 
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4.  Decomposition  Temperature. ^-The  decomposition  of 
powdered  calcium  chloride  ammonia  may  be  shown  in  the  same 
apparatus  as  used  in  3,  but  to  get  a  reasonably  sharp  tem- 
perature the  air  must  be  expelled  from  the  powder  by  pushing 
the  piston  down  several  times  during  the  heating.  This, 
however,  must  be  done  at  the  time  of  showing  the  experiment; 
for  if  the  tube  is  once  allowed  to  cool  after  the  air  is  expelled 
the  mercury  will  be  sucked  down  from  the  seal  into  the  powder. 

It  may  be  mentioned  that  in  tlie  last  two  experiments 
the  thermometer  must  be  inside  the  cylinder,  because  other- 
wise, unless  the  heating  is  ^'ery  gradual — and  this  takes  too  long 
for  a  lecture  experiment — the  thermometer  would  become 
heated  much  more  rapidly  than  the  liquid.  The  use  of  a 
water  bath  to  supply  the  heat  is  excluded  by  the  refraction 
of  the  water.  The  apparatus  is,  no  doubt,  capable  of  further 
application,  but  it  may  be  noted  that  subliming  solids  con- 
dense on  the  glass  and  cause  sticking. 

5.  Delayed  Reactions. — In  connection  with  the  super- 
heating of  the  alcohol  in  Exp,  3,  the  analogy  between  theJ 
crystallization  of  a  supersaturated  solution  on  nuclei  and  theJ 
reduction  of  silver  salts  in  photographic  development  may  be|J 
shown  as  follows.  The  experiments  have  nothing  to  do  with. 
pistons  and  cylinders  but  may  properly  be  described  under  J 
the  title  of  this  article. 

After  placing  a  crystallizing  dish  in  the  vertical  attach'  1 
ment  of  the  lantern  the  bottom  of  the  dish  is  written  on  with  Orj 
crystal  of  copper  sulphate.     Although  nothing  is  visible  1 
the  screen  the  writing  may  be  "developed"  by  pouring  intt 
the  dish  a  supersaturated  solution  of  copper  sulphate,  madl 
by  cooling  a  solution  satiu^ated  with  this  salt  at  45°  C  to  t 
ordinary  temperature. 

The  experiment  may  be  varied  to  show  the  meaning 
ness   of  the   use   of   the   term   "satm-ated   solution"   Wlthoi 
specifying  the  substance  in  respect  to  which  it  is  saturate 
"Copper  chloride"  for  example  may  be  written  on  the  ( 
with  an  alcoholic  solution  of  copper  chloride  and  allowed  1 
dry,   while   "copper   sulphate"   is   scratched   over   it  with  j 
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crystal  of  copper  sulphate.  On  developing  with  the  copper 
sulphate  solution  the  words  "copper  chloride"  are  replaced 
by  "copper  sulphate." 

It  may  not  be  generally  realized  that  a  solid  projection 
lantern  ser\'es  as  an  excellent  lecture-room  camera.  In  fact, 
the  whole  process  of  exposure,  development  and  projection 
of  the  negative  may  be  carried  out  in  the  lantern  in  less  than 
three  minutes.  The  lantern  is  focusscd  for  the  solid  pro- 
jection of  a  crystallizing  dish,  an  orange  screen' and  an  opaque 
card  being  placed  between  the  projection  cabinet  and  the 
lamp.  A  second  lantern  is  arranged  to  give  a  "spot-light" 
on  the  screen  in  the  exact  position  of  the  image  of  the  crystal- 
lizing dish.  A  disc  of  developing  paper  (special  velox)  is 
placed  in  the  dish  and  held  down  by  a  ring  of  glass.  The 
subject  to  be  photographed  stands,  or  is  placed,  against  the 
screen  in  the  spot-light.  After  a  sufficient  exposure — about 
two  minutes  if  the  lantern  is  not  too  far  from  the  screen — 
the  spot-light  is  turned  off  and  the  opaque  card  drawn  out 
of  the  other  lantern,  showing  the  dish  and  plain  paper  on  the 
screen.  A  few  seconds  later  the  developer  should  be  squirted 
into  the  dish  through  the  peep-hole  in  the  lantern  box,  and 
then  the  hypo  solution,  as  soon  as  the  image  appears  on  the 
screen. 

6.  Arrangement  of  Lantern. — In  the  projection  of  glass 
apparatus  the  best  results  are  obtained  by  placing  the  object 
in  parallel  light  close  behind  the  condensing  lens  .4,  Fig.  3, 
A  convenient  arrangement  for  the  lantern  for  general  pur- 
poses is  shown  in  the  same  diagram.  The  two  large  mirrors 
on  the  stand  B  in  front  of  the  lantern  rectify  the  image  and 
throw  it  on  a  screen  on  the  right  hand  wall  of  the  lecture 
room.     By  reversing  the  positions  of  the  mirrors  C  and   D 


'  I  am  indebted  to  Professor  A.  H.  Abbott,  University  of  Toronto,  for 
the  following  receipt  for  an  eiccclleni  light  screen.  Three  photographic  plates 
arc  washed  in  hypo  and  dyed  respectively  with  quinoline  yellow,  Indian  yellow 
and  methyl  violet.  The  first  two  should  be  dyed  as  dork  as  possible,  but  the 
third  should  be  only  a  faint  violet  shade.     The  three  plates  arc  used  together. 


in  the  vertical  and  solid  projection  attachments'  the  images 
from  these  are  also  thrortTi  to  the  right.  The  "Schlieren" 
apparatus  (see  footnote,  Exp.3,fc,  preceding  article)  may  be  used, 
at  the  same  time  arranging  the  lenses  to  the  left  of  the  lantern. 
By  simply  sliding  the  large  mirrors  B  out  of  the  way  the  a 


is  thrown  on  the  left  wall  of  the  lecture  room.     The  lantern  ' 
may  be  placed  well   to  the  right  of  the  lecture  table,  thus 
giving   the   necessary   distance   between    screen    and    lantern  ; 
required  by  the  "Schlieren"  apparatus. 

/  ToioHto.  ChtmUal  Lahatatory, 


'  Messrs.  Bauscb  &  Lomb  wilt  supply  their  Convertible  Balopticon  with 
the  slight  modifications  required  Iot  reversing  the  position  of  the  n 
detaching  the  lens  .4  from  the  vertical  attachments. 
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SOME  LECTURE  EXPERIMENTS  ON  SURFACE 

TENSION » 


BY   FRANK   B.    KENRICK 

Surface  tension  affords  abundant  scope  for  attractive 
lecture  experiments.  The  experiments  outlined  in  this  paper 
have  been  used  for  many  years  by  the  writer,  and  although 
less  spectacular  than  many  described  in  the  literature,  have 
been  found  very  effective  in  making  clear  the  principles  of 
surface  tension  in  its  application  to  the  chemical  phenomena 
of  solubility  and  adsorption. 

r.  Mechanical  Model. — This  serv^es  to  illustrate  the  defi- 
nition of  surface  tension  in  work  units  as  the  maximum 
quantity  of  work  that  can  be  gained  when  a  surface  is  de- 
creased in  area  by  one  square  centimeter.  A  projection  cell 
40  mm  X  10  mm  and  60  mm  high,  the  upper  edges  of  which 
have  been  coated  with  a  film  of  paraffin  wax,  is  filled  almost 
to  overflowing  with  water.  On  the  surface  is  floated  a  thin 
shaving  of  cork  30  mm  X  5  mm  X  i  mm,  to  which  is  attached 
a  fine  cotton  thread  about  40  mm  long  terminating  in  a  little 
glass  hook.  The  thread  passes  over  a  small  pulley  made 
from  a  pill  box  and  a  pin  resting  in  a  double  Y-shaped  glass 
bearing.  Three  weights  of  glass  or  bent  wire,  weighing  about 
0.1  gram,  0.07  gram  and  0.04  gram  may  be  hung  on  the  hook. 
The  middle  weight  approximately  balances  the  surface  tension, 
while  the  lighter  one  on  being  pulled  down  with  a  pair  of 
tweezers  is  lifted  again  by  the  surface  tension.  A  fall  of  i 
cc  produces  one  square  centimeter  of  surface:  viz.,  0.5  cm'  on 
the  forward  under  side  of  the  cork  which  is  wet  with  water 
and  0.5  cm'  on  the  upper  surface  of  the  liquid  in  the  cell. 
The  whole  of  an  apparatus  of  the  size  described  may  be  pro- 


*  Expts.  Nos.  1 ,  2,4,6  and  7  were  shown  at  a  local  meeting  of  the  American 
Chem.  Soc.  at  Niagara  Falls,  Januar>%  1909.  3(a)  and  5  at  a  lecture  at  the 
Research  Laboratory,  General  Electric  Co.,  January,  1911,  and  3(6)  in  a  lecture 
by  Mr.  Howe  and  the  writer  at  the  Washington  meeting  of  the  American  Chem. 
Soc.,  December,  191 1. 
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jected  with  an  ordinary  lantern.  While  quantitative  results 
cannot,  of  course,  be  expected,  this  is  a  useful  experiment  to 
have  thrown  on  the  screen  when  the  meaning  of  surface  tension 
is  being  explained.  The  fact  is  often  overlooked  that  the 
definition  of  siu-face  tension  as  the  force  acting  across  a 
line  I  cc  long,  etc.,  presupposes  that  there  is  a  movable  edge 
of  surface  to  which  a  weight  or  other  dynamometer  can  be 
attached,  and  that  consequently  the  idea  of  surface  tension 
at  the  boundary  of  a  solid  is  excluded  by  this  definition 
whereas  the  definition  in  terms  of  work  is  applicable  to  every 
case  in  which  the  area  of  surface  can  be  changed  by  any 
reversible  process  for  which  the  work  can  be  determined. 

2.  Two  Drops, — This  is  analogous  to  the  well  known 
experiment  with  large  and  small  soap  bubbles  on  the  ends  of  a 
U-tube.*  It  is  the  writer's  experience  that  soap  bubbles 
work  very  well  in  the  preparation  room  but  generally  burst 
at  the  critical  moment  in  the  lecture.  Drops  of  water  have 
not  this  disadvantage,  and  are  more  closely  analogous  to  the 
chemicals  whose  behavior  this  experiment  is  designed  to 
illustrate.     (See   3.)     The   diagram    (Fig.    i  A)    shows   suffi- 


B 


ciently  clearly  the  arrangement  of  the  apparatus.  The  upper 
ends  of  the  capillary  tubes  should  be  ground  to  flat  discs 
about  1.7  mm  in  diameter  and  coated  with  paraffin  wax. 
The  two  halves  of  the  U-tube  are  connected  by  a  piece  of  the 
fine  rubber  tubing  (0.5  mm  bore)  used  for  covering  spectacle 
frames.  The  U-tube  is  completely  filled  with  water,  and 
while   the  rubber  connection   is  closed   by   pressure  with  a 

»  C.  V.  Boys:  "Soap  Bubbles,"  1890,  p.  55. 
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screw  driver  or  other  hard  object,  a  small  and  large  drop  are 
piled  lip  on  the  ends  of  the  tube  with  a  fine-pointed  pipette. 
On  releasing  the  pressure  the  large  drop  grows  bigger  at  the 
expense  of  the  small  one.  The  whole  apparatus  may  be 
projected  with  an  ordinary  lantern,  or,  if  it  is  made  very 
compact,  with  a  low-power  projecting  microscope. 

5  Surjace  Tension  nnd  Solubility  -This  is  a  chemical 
application  of  the  principle  illustrated  in  Exp.  2.  The  in- 
crease in  the  solubility  of  gypsum  caused  by  a  fine  state  of 
division,  first  determined  by  Hulett, '  may  be  shown  as  a  lecture 
experiment  in  either  of  the  two  following  ways: 

la)  The  following  materials  are  required:  a  "normally 
saturated  gypsum  solution,"  made  according  to  Huletfs 
method,  by  stirring  gently  for  some  hours  about  30a  cc  water 
with  30  grams  coarsely  powdered  gypsum,  from  which  the 
fine  particles  have  been  previously  rinsed  with  water.  This 
solution  may  be  kept  indefinitely,  and  shown  in  contact  with 
the  crystals.  Finely  powdered  gypsum,  made  by  grinding 
about  a  gram  of  the  crystals  to  an  impalpable  powder  in  an 
agate  mortar.  Sodtuni  phosphate  solution:  a  solution  is  made 
up  containing  100  grams  sodium  phosphate  (NajHP0,.i2H,0) 
and  2.5  grams  sodium  hydroxide  per  liter.  About  29  cc  of 
this  solution  (the  exact  amount  must  be  found  by  trial)  is 
colored  dark  pink  with  phenolphthalein  and  diluted  with 
water  to  100  cc. 

The  experiment  is  carried  out  as  follows:  To  one  of 
two  beakers,  each  containing  about  50  cc  of  normally  saturated 
gypsum  solution,  is  added  a  pinch  (about  0,5  gram)  of  the 
finely  powdered  gypsum.  This  is  shaken  for  a  moment  and 
then  both'  liquids  are  immediately  filtered  through  pre- 
viously arranged  filters.  The  first  filtrate  may  be  poured 
through  again  if  not  perfectly  clear.  Twenty  cc  of  each 
filtrate  are  then  put  in  two  projection  cells  in  the  lantern 
and  shown  on  the  screen.     On  adding  10  cc  of  the  sodium 


'  Zcit.  phys.  Chem.,  37,  385  ( 1901)- 

'  It  is  best  to  treat  both  liquids  in  cxartly  the  si 
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phosphate  solution  to  each  cell,  the  liquid  which  was  shaken 
with  the  gypsum  turns  colorless  while  the  other  remains  pink. 
The  experiment  takes  only  two  minutes  to  perform;  if  more 
time  is  available  for  filtration,  etc,  it  may  be  carried  out  on  a 
larger  scale  without  the  lantern,  and  an  actual  titration  made, 
by  which  a  difference  of  lo  percent  can  be  sho^vn  in  the  con- 
centrations. 

(b)  The  abo^-e  experiment  may  be  shown  more  strikingly 
by  the  use  of  an  adaptation  of  Topler's  "Schlierenapparat" 
to  lantern  projection,'  by  which  concentration  streams  in  a 
liquid  are  made  visible  on  the  screen.  A  flat  cell  containing 
water,  with  a  transparent  gypsum  crystal  hung  just  below 
the  surface,  is  first  projected  with  the  lantern.  As  the  gypsum 
dissolves,  a  narrow  stream  of  solution  is  seen  flowing  down 
from  the  lowest  point  of  the  crystal.  Xext  the  crystal  is 
hung  in  the  normally  saturated  gypsum  solution;  no  stream 
is  visible.  Finally  a  little  glass  trough  containing  a  pinch 
of  the  finely  powdered  gypsum  is  hung  in  a  slightly  inclined 
position  in  the  same  cell.  In  a  few  seconds  a  stream  of  con- 
centrated solution  is  seen  flowing  down  from  the  lower  end  of 
the  trough.  The  trough  may  be  made  by  splitting  a  small 
thin-walled  glass  tube  and  sealing  a  glass  hanger  to  it  as 
shown  in  Fig.  i,  B. 

The  writer  has  tried  to  show,  by  this  means,  the  simultane- 
ous solution  and  crystallization  of  gypsum  in  a  slightly  "  super- 
saturated" solution,  but  the  rate  of  separation  of  the  gypsum 
is  so  extremely  slow  compared  with  the  rate  of  solution  that 
streams  of  weaker  solution  could  ne\"er  be  seen  rising  from  the 
crystal. 

4.  Surface  Concentration  in  Saponin  Solution. — A  very- 
simple  experiment  showing  that  the  surface  tension  of  a 
freshly  formed  surface  of  saponin  solution  is  practically  the 
same  as  that  of  water  may  be  carried  out  as  follows.  T"'" 
beakers  are  filled  to  exactly  the  same  depth  of  about  2  1 
one  with  water  and  the  other  with  a  saponin  solution 


'  A  description  of  this  will  shortly  appear  in  This  Journal  b; 
M  iller  and  the  present  writer. 
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taming  0.2  gram  per  lOO  cc.  A  glass  tube  of  2.5  ram  bore 
and  20  cm  long,  with  the  lower  end  cut  off  obliquely,  is  held 
upright  in  the  water  with  the  end  resting  on  the  bottom  of 
the  beaker,  a  piece  of  thread  having  been  previously  tied 
round  the  tube  to  mark  the  height  to  which  the  water  rises. 
The  effect  of  sucking  up  the  water  in  the  tube  and  letting  it 
fall  is  first  shown  on  the  screen.  The  same  tiling  is  then  done 
with  tlie  saponin  solution.  The  liquid  drops  rapidly  as  be- 
fore, pauses  a  moment  at  the  high  water  mark  and  then  falls 
slowly  to  a  much  lower  level  corresponding  to  the  normal 
surface  tension  of  the  solution. 

3.  Surjace  Concentration  of  Methyl  Violet  Solution.— 
During  the  last  few  years  several  experiments  have  been 
described  giving  direct  evidence  of  surface  concentration  in 
certain  solutions,  and  quite  recently  Donnan  and  Barker' 
have  made  a  quantitative  investigation  of  this  phenomenon. 
The  surface  concentration  in  methyl  violet  solution  may  be 
demonstrated  by  the  following  lecture  experiment: 

300  cc  of  an  aqueous  solution  of  methyl  violet  (0.25 
gram  per  liter)  are  shaken  vigorously  in  a  i  liter  separating 
bulb  so  as  to  produce  a  fonm,  and  then  allowed  to  stand  for 
four  minutes  to  allow  the  liquid  to  drain  away  from  between 
the  bubbles.  The  clear  liquid  is  next  drawn  off  into  a  beaker 
and  the  foam  allowed  to  subside  until  more  than  i  cc  of  liquid 
has  collected  above  the  tap,  which  will  require  perhaps  three 
or  four  minutes  longer.  The  settlings  are  then  drawn  off  into 
a  second  beaker.  By  diluting  exactly  i  cc  of  each  liquid 
with  20  cc  of  water,  and  placing  the  diluted  liquids  in  a  double 
glass  cell  (i  era  thick)  before  the  lantern,  the  color  of  the 
foam  settlings  is  seen  to  be  slightly,  but  unmistakably,  darker 
than  the  unfoanied  liquid. 

The  time  required  for  the  foam  to  subside  varies.  If  il 
should  take  too  long  the  process  may  be  hastened  by  gentle 
stirring,  through  the  mouth  of  the  separating  bulb,  with  a 
glass  rod  moistened  with  amyl  alcohol.  This  amount  of  amyl 
alcohol  does  not  itself  affect  the  color  of  the  liquid. 
'  Proc.  Roy.  Soc..  85  A,  557  <>9"). 


5l8  Frank  B.  Kenrick 

6.  Emulsificaiion  of  Oil  by  Potash. — This  may  be  shown 
rather  strikingly  as  follows:  A  strip  of  fine  copper  or  iron 
gauze  is  folded  on  itself  four  or  five  times  so  as  to  make  a  pad 
which  fits  into  the  bottom  of  a  projection  cell  (i  cm  thick). 
About  20  drops  of  olive  or  linseed  oil  are  allowed  to  soak 
into  the  gauze  pad  from  a  pipette,  care  being  taken  to  keep 
the  sides  of  the  cell  free  from  oil.  The  cell  is  then  filled  about 
4  cm  deep  with  water.  When  this  is  projected  on  the  screen 
the  oil  is  seen  protruding  in  little  humps  through  the  meshes 
of  the  gauze,  but  the  water-oil  surface  tension  prevents  it 
floating  up  through  the  water.  Directly  a  Httle  potash 
solution  is  added  to  the  water  the  humps  of  oil  elongate  and  - 
flow  in  a  number  of  thin  streams  to  the  surface  where  they 
form  an  emulsion. 

7-  Oil-films  on  Water. — This  experiment  shows  that  the 
action  between  oil  and  water  is  purely  a  surface  phenomenon. 
A  glass  rod,  round  which  is  stuck  a  label  rubbed  with  linseed 
oil,  is  supported  about  3  cm  above  the  bottom  of  a  300  cc 
beaker.  Tap  water  is  allowed  to  run  into  the  beaker  and  flow 
over  the  edges  until  the  surface  is  clean  enough  to  show 
camphor  movements.  If  the  beaker  is  placed  in  front  of  the 
condensing  system  of  a  lantern,  with  the  surface  of  the  liquid 
well  above  the  centre  of  the  field,  the  moving  camphor  can  be 
plainly  seen  on  the  screen.  If,  now,  bubbles  of  air  are  blown 
into  the  water  from  a  clean  tube  they  have  no  effect  on  the 
camphor  movements  so  long  as  they  do  not  touch  the  oil, 
although  they  stir  the  liquid,  but  as  soon  as  they  are  allowed 
to  brush  up  past  the  rod  the  movements  cease. 
University  oj  Toronto,  Chemical  Lahotatoiy, 
March,  1913 
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THE  PHTHALYL  CYANIDES. 

By  Gibbs  Blackstock. 
Received  June  4.    1912. 

Some  time  ago  Mr.  C.  H.  Robinson,  in  this  laboratory,  prepared  phthalyl 
cyanide  in  the  hope  of  obtaining  from  it,  by  hydrolysis,  tlie  corrpsponding 
dibasic  acid,   but  his  work   was    interrupted    before  completion.     The 

*  Am,  Chcm.  /.,  26,  289  (1901). 


author  has  repeated  and  extended    Mr.   Robinson's  work  and  also  pre- 
pared and  studied  isophthalyl  cyanide  and  terephthalyl  cyanide. 
Three  int'th<xls  were  used  for  the  preparation  of  the  cyanides. 

I.  The  method  used  by  Ctaisen'  for  the  preparation  of  benzoyl  cyanide. 
The  acid  chloride  was  dissolved  in  about  three  times  its  weight  of  anhy- 
drous ether  and  to  this  was  added  about  twice  the  calculate  amount  of 
anhydrous  hydrogen  cyanide  and  a  slightly  larger  excess  of  pyridine  was 
then  added  gradually  to  the  ethereal  solution.  In  each  case  a  white  pre- 
cipitate was  immediately  thrown  down,  which  gradually  disappeared 
and  at  the  end  of  one  to  two  days  the  crude  cyanides  had  completely 
separated  out  as  dark  viscous  oils.  This  white  precipitate  appears  to 
he  a  product  of  the  acid  chloride  and  pyridine  and  will  be  further  inves- 
tigated. 

II.  The  acid  chloride  and  mercuric  cyanide  in  acetone  solution  were 
boiled  for  several  hours  with  reflux  condenser.  This  method  did  not  give 
satisfactory  yields  and  was  abandoned. 

III.  The  acid  chloride  was  heated  in  a  sealed  tube  with  excess  of  mer- 
curic cyanide  for  5-7  hours  at  i4<>-i6r>''.  Mercuric  cyanide  gave  much 
better  results  in  this  method  than  potassium  cyanide. 

The  three  isomeric  cyanides  are  very  similar  in  properties.  They  are 
all  blown  powders,  soluble  in  acetone,  alcohol,  pyridine,  ammonia  and 
potassium  hydroxide  solution  and  insoluble  in  water,  ether,  lienzene, 
ligroin  and  dilute  acids.  They  become  viscous  at  temperatures  in  the 
neighborhood  of  y)u°,  with  apparent  decomposition.  When  heated  in 
a  sealed  tube  with  cone,  hydrochloric  acid  they  were  not  hydrolyzed, 
but  with  is-io"^';  prttassium  hydroxide  solution  either  in  sealed  tubes  or 
with  reflux  condenser  they  gave  a  slight  (xior  of  ammonia  which  probably 
indicated  slight  hydrolysis  of  the  nitrile. 

Pklkalyl  Cyanide.^ifj  grams  pyridine  were  added,  gradually  to  a  solu- 
tion of  10  grams  phthalyl  chloride  and  5  grams  hydrogen  cyanide  in  15 
cc  ether.  After  2  days  the  viscous  mass  was  dissolved  in  ammonia,  pre- 
cipitated by  acidihcation  and  washed  with  hot  water.  Yield,  3.6  grams 
(4<)''; ).  The  phthalyl  cyanide  prepared  by  this  method  was  always 
found  to  be  too  high  in  nitrogen  unless  very  carefully  purified. 

Ten  grams  phthalyl  chloride  and  16  grams  mercuric  cyanide  were  heated 
in  a, sealed  lube  for  h  hours  at  i4o-i6<i''.  The  product  wa.s  dissolved  tn 
acetone  and  precipitated  with  ether,  then  dissolved  in  ammonia  and 
purified  as  above.     Yield,  4.4  grams  (50''; ) . 

Isophthalyl  Cyanidt. — Ten  grams  isophthalyl  chloride  were  dissolved 
in  30  cc.  ether,  ,1  grams  hydrogen  cyanide  added  and  then,  gradually, 
16  grams  pyridine.     The  crude  cyanide  was  dissolved  in  ammonia,  pre- 
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cipitated  by  hydrochloric  acid,  washed  with  water,  again  dissolved  in 
ammonia  and  reprecipitated  by  boiling  off  the  ammonia.  Yield,  3.5 
grams  (4°%)- 

Five  grams  isophthalyl  chloride  was  heated  in  a  sealed  tube  with  8 
grams  of  mercuric  cyanide  for  5  hours  at  200°.  Yield,  i .  7  grams  (30%) 
Calculated  lor  CH,(COCN),:  N,  15.2.     Found;  N,  15.0. 

Tetepklfmlyl  Cyanide.— Tea  grams  terephthaly!  chloride  were  dissolved 
in  25  cc.  ether,  4  grams  hydrogen  cyanide  added  and  16  grains  pyridine. 
The  cyanide  was  purified  in  the  same  manner  as  the  isophthalyl  cyanide. 
Yield,  4  grams  (45%). 

In  the  sealed  tube,  4  grams  terephthalyl  chloride  and  7  grams  mercuric 
cyanide  gave  1.3  grams  (30%). 

Calculated  tur  C.H.{COCN),:  N,  15,2.     Found:  N,  15.3. 

The  first  method  of  preparation  is  not  recommended  for  phthalyl  cyanide, 
as  there  is  a  product  rich  in  nitrogen  from  which  it  is  hard  to  purify  it, 
but  in  the  other  cases  it  gives  better  yields  than  the  preparatioa  from 
mercuric  cyanide. 

These  experiments  were  carried  out  under  the  direction  of  Professor 
F.  B.  Allan. 
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THE  INFLUENCE  OF  DIFFUSION  ON  ELECTROMOTIVE  FORCE 
PRODUCED  IN  SOLUTIONS  BY  CENTRIFUGAL  ACTION. 

By  W.  Lash  Miu.ii, 

In  reading  Tuinian's  account  of  his  measurements  of  the 
electromotive  force  produced  in  solutions  by  centrifugal  action,' 
I  niitici-'d  that  the  equations  for  the  electromotive  force  were 
deduced  without  allowing  for  any  possiMe  difftTcnces  in  concen- 
tration at  the  two  ends  of  the  tube  produced  by  the  whirling;* 
as  in  some  of  his  experiments  these  differences  would  become  very 
considerable  if  the  rotation  were  sufficiently  prolonged,  it  seemed 
iwssible  ihat  even  in  a  few  minutes  the  "concentration  cell" 
effect  might  become  measurable,  and  that  it  might  perhaps  account 
for  the  "rcsithial  electromotive  force"  observed  by  him. 

The  calculations  carried  out  in  the  following  paragraphs  show, 
however,  that  the  polarization  produced  by  concentration  changes 
in  short  periods  of  centrifuging  is  very  slight.  During  the  rota- 
tion both  iodine  and  icKlide  keep  increasing  in  concentration 
at  the  outer  electrode  and  decreasing  at  the  inner,  but  the  E.M.F. 
[hat  would  be  produced  by  an  increase  of  one  percent  in  the 
concentration  of  the  iodine  alone  is  almost  counterbalanced  by  a 
rise  of  one-third  percent  in  the  concentration  of  the  iodide;  and. 
as  will  be  shown,  the  iodine  concentration  rises,  at  first,  just 
about  three  times  as  rapidly  as  that  of  the  iodide;  sn  that  the 
E.M.F.  actually  generated  is  very  small,  much  too  small  to 
account  for  the  "residual"  voltage  oKserved  by  Tolman. 

As,  so  far  as  T  am  aware,  no  attempts  have  hitherto  been  made 
to  calculate  the  rate  at  which  diffusion  would  take  place  under 
the  influence  of  centrifugal  force,  a  short  account  of  the  method 
which  I  have  adopted  may  prove  of  interest.  Briefly  stated,  it  con- 
sists C/l  in  determining  the  distribution  of  concentrations  along 

•Ptnt  An..  Acad,  Am  Qnd  Sci..  «.  isg  dsio). 

Jour.  Am.  Chen.  Sue 
■Acad.,  Im.  eU.  ft  lie,  fool  note 
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the  tube  when  equilibrium  has  been  reached  (i.  e,,  when  the  solu- 
tion has  been  whirled  for  an  "infinite"  time)  by  the  usual  thermo- 
dynamic method;  (2)  in  treating  this  equilibrium  as  due  to  the 
equality  of  two  "virtual"  rates  of  flow,  one  (towards  the  axis) 
due  to  concentration  gradient,  and  the  other  (toward  the  per- 
iphery) due  to  centrifugal  force;  (j)  in  expressing  the  former 
of  these  by  Pick's  equation  for  the  rate  of  diffusion  along  a  fall 
of  concentration,  and  thus  (4)  finding  a  plausible  expression 
for  the  second  or  virtual  flow  due  to-  centrifugal  force.  Assum- 
ing, then,  that  the  actual  flow  at  any  moment  is  represented  by  the 
algebraical  sum  of  the  two  components,  expressions  for  which 
have  thus  been  obtained,  (5)  a  differential  equation  is  set  up, 
and  a  solution  obtained  to  suit  the  conditions  of  Tolman's 
experiments. 

The  method  just  described  is  employed  in  calculating  the  rate 
of  diffusion  of  the  potassium  iodide  in  solutions  originally  normal 
with  regard  to  the  iodide  and  fiftieth  normal  with  regard  to  free 
iodine,  the  effect  of  the  small  quantity  of  iodine  on  the  diffusion 
of  the  iodide  being  neglected.  In  calculating  the  rate  of  diffusion 
of  the  iodine  in  the  same  solutions,  however,  it  had  to  be  remem-  ■ 
bered  that,  in  the  absence  of  centrifugal  force  and  of  iodine- 
concentration  difference,  iodine  will  diffuse  from  a  dilute  to  a 
concentrated  solution  of  potassium  iodide.  This  fact,  which  is 
taken  account  of  in  the  present  system  of  chemical  formulas 
by  distinguishing  between  "dissolved  Ij"  and  "T7,"  is  here  allowed 
for  by  introducing  a  third  "virtual  flow,"  that  due  to  iodide- 
concentration  difference,  as  explained  below. 

POTASSIUM  IODIDE,  CONCENTRATIONS  AT  EQUILIBRIUM. 

The  distribution  of  concentration  along  the  centrifugal  tube 
when  equilibrium  is  reached  is  given  by  the  expression 

^i  X  42660  ^  ^ 

where  fi  is  Gibbs'  thermodynamic  potential ;  it  may  be  replaced  by 

— ^—  iop:  nat  z  +  const. 

[N  is  the  number  of  revolutions  of  the  axis  per  second;  ^'thc  thcmio- 
dynamic  temperature,  293  in  Tolman's  experiments;  B  the  tkermod^wunic 
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formula  weight,  assuming  78  percent  dissociation  F  =  166/1.78;  g  is  the 
concentration  of  the  iodide,  as  only  ratios  occur  in  the  formulas,  any 
units  will  do;  v  the  "partial  volume"  (Tolman)  of  the  iodide  =  aa84; 
d,  the  density  of  the  solution,  =  1.115;  ^  =  31416;  the  divisor  981  X 
42650  converts  ergs  to  calories;  1.98  is  the  gas  constant] 

whence,  neglecting  the  change  of  vd  with  the  concentration, 

[at  egutl]  z  =  A€^  ;  where  ^  =  5,180  X  i6-^N^      (2) 
Since  the  total  amount  of  iodide  in  the  tube  remains  constant, 

R  R 

I  zdx  =  2^{R  —  r);  whence  A  =  Zq{R  —  r)/  |  /^"^    dx    (3) 

r  r 

[iTo  is  the  initial  concentration  of  the  iodide,  uniform  throughout  the 
tube,  (normal,  in  Tolman's  work) ;  r  (Tolman's  n)  the  distance  of  the 
inner  electrode  from  the  axis,  and  R  (Tolman's  ri)  that  of  the  outer 
electrode,  both  in  centimeters.  As  the  outer  electrode  fitted  the  end  of 
the  tube  and  the  inner  electrode  had  almost  the  same  cross  section  as  the 
tube,  r  and  R  give  the  distance  of  the  effective  inner  and  outer  ends  of 
the  column  of  solution  from  the  axis.  In  the  experiments  with  potassium 
iodide  and  iodine,  r  =  4.3  and  R  =  29.40] 

The  definite  integral  on  the  right  may  be  evaluated  by  expand- 
ing ^^^  and  integrating  term  by  term.  When  N  =  82  (the 
greatest  speed  in  the  potassium  iodide  experiments),  fi  =  3.484 
X  lo"*  and  A  =  0.898  Zq/  hence  when  equilibrium  is  attained 
at  a  speed  of  82  revolutions  per  second,  the  concentration  of 
the  iodide  at  the  outer  electrode  will  be  1.213  normal,  and  at  the 
inner  will  be  0.904  normal,  a  ratio  of  1.34  to  i.oo. 

POTASSIUM  IODIDE,  RATE  OF  DIFFUSION. 

If  the  motor  were  stopped  after  the  state  of  equilibrium  had 
been  attained,  there  would  immediately  ensue  a  flow  of  salt 
through  the  solution  away  from  the  peripheral  end  of  the  tube, 
the  amount  of  which  is  given  by 

9z 
Concentration  flow  towards  axis  =  k^  (4) 

where  k  is  the  diffusion  constant  (cm*,  sec)  of  potassium  iodide 
at  20°  C.  in  normal  or  approximately  normal  solution.  I  have 
taken  fe  =  14.5  X  lO'*. 

As  explained  above,  this  "concentration  flow"  may  be  regarded 


4  W.  LASH   MILLER. 

as  just  balanced,  at  equilibrium,  by  the  "centrifugal  flow"  in  the 
opposite  direction;  the  latter  would  therefore  be  represented  by 

9z 
Centrifugal  flow  toward  axis  =  — k  ^-at  equil,,  =  — 2kpx2     (5) 

Thus  an  expression  for  the  centrifugal  flow  at  equilibrium  is 
obtained,  and  it  is  assumed  that  (5)  will  hold  whatever  the 
distribution  of  concentrations;  i,  e,,  that  in  general 

dz 
Flow  towards  axis  =  k  li Bkfixz  (6) 

Sz 
When  the  motor  is  first  started,  7^—  will  be  zero,  and  the  "flow" 

will  be  negative,  i.  e,,  the  salt  will  move  towards  the  outer  end 
of  the  tube;  when  equilibrium  is  attained  the  flow  will  be  zero; 
and  when  the  motor  is  stopped  P  will  be  zero,  and  the  flow  will 
become  positive  in  sign,  i.  e.,  the  salt  will  move  towards  the  axis. 
The  accumulation  at  any  point  of  the  tube,  x  cm.  from  the  axis, 
will  then  be  given  by 

3z         3    /3z 


3i        3x 


{fx  ~  ^^^""0  ^^^ 


which  is  the  diflferential  equation  sought.  It  is  subject  to  the 
conditions  that,  as  no  salt  can  enter  or  leave  the  tube,  the  "flow" 
at  ,r=:r  and  x^=R  must  be  zero,  or 

3'y 

[at  x=r  and  x=R]  k  —  —  ^kfixz  =  o  (8) 

3x 

and,  moreover,  that  at  the  beginning  of  the  experiment  the 
concentration  has  the  uniform  value  ^o  throughout  the  tube,  t.  c, 

[at  t  =:  o]  2  ^=  Sq  for  all  values  of  x  from  r  to  R        (9) 

A  solution  of  (7)  that  will  satisfy  (8)  and  (9)  will  therefore 
give  the  concentration  at  any  point  of  the  tube  at  any  moment 
after  rotation  has  begun. 

Such  a  solution  can  be  arrived  at  by  means  of  successive 
approximations;  for  the  present  purpose,  however,  the  problem 
may  be  simplified  by  neglecting  the  very  slight  variations  in  the 
centrifugal  flow  caused  by  the  slight  changes  in  concentration 
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which  occurred  along  the  tube  in  Tolman's  experiments.    Equa- 
tions (7)  and  (8)  then  become. 

^'   =  -^  i'  Ix  -  ^*''"'« )  ^'°^ 


5/         9x 


[at  x=r  and  x^=R]  k  g-2ie  — P^J^o  =  o  (ii) 

while  equation  (9)  remains  as  before. 

These  three  equations,  viz.,  (9),  (10)  and  (11),  are  satisfied  by 


Z-Zq 


n  =  I 
8lr    ^Si^ /  _^  {2n  —  iyK{x  —  r)      ^  — ^ — -^^ 


IT"    ^m^    {2n  —  /) 


n  =  / 


cos ^—^ •€  11 


—  (r'^   +  r/  4-   — )  +  -^^  (12)' 


Replacing  y  by  -r  (j,r  —  r)//  in  the  cosine  series 

(-  /)"  + ' 


cos  ny 


and  y 


^     -    3         ^2^    n^ 


(given,    for  example,   in   Byerly's  "Fourier's   Series  and   Spherical   Har 
monies,"  pages  44  and  45),  there  results 


X''  ^  r^ 


4.^/4.  ___  __2^A__^  ^,  _v__ ; 

whence,   for  small  values  of  kt/l^  such  as  occur  in  Tolman's 
experiments, 

{/orx=.r]^    -r  =  -  i^-±Jr^VVt  (,3) 

[/orx=:/^]^-i=  ^^-+^%'W  (14) 

*In   (12)  /  is  written  as  a  contraction  for  R  —  r. 


.  LASIX   AIlLLEa, 


^V 


vai,  appKoxitHoiely 


where  P  —  in — /.    From  this  it  may  be  deducted  that  when  p  ■=  nt,  the 

series  is  approximately  equal  to     —  —  -^y'^at.) 

As  y3  is  proportional  to  W,  it  follows  £r<Mn  (13)  and  (14) 
that  the  time  needed  to  bring  about  any  given  small  change  in 
concentration  at  either  end  of  the  tube  is  inversely  proportional 
to  the  fourth  power  of  the  rate  of  rotation.  What  is  ordinarily 
considered  a  rapid  centrifuge,  running  at  2,000  revolutions  per 
minute,  would  take  over  half  an  hour  to  accomplish  what  Tol- 
man's  apparatus  (82  rev.  per  sec.)  did  in  one  minute. 

IODINE,  CONCENTRATIONS   AT  EQUIUBRIUH. 
In  dilute  solutions  of  iodine  in  normal  potassium  iodide  (where, 
in  the  language  of  the  theory  of  solutions,  practically  all  the 
free  iodine  is  present  as  /j  or  KI^) 


^54 

where  w  is  the  concentration  of  the  iodine  (i.  e.,  of  the  total  free 
iodine  determinable  by  thiosulphate)  and  z  that  of  the  potassium 
iodide.  Introducing  this  value  of  ft  into  equati(m  (l),  and 
neglecting  the  change  of  vd  with  the  concentration,  there  results 

[at  equil]    ~   =  B?^  ;  where  y  =  15.18  X  IQ-W    (15) 


Replacing  :  by  its  value  from  (2)  gives 

[at  equil.]  w  -  ABe^^  +  '*'^  ^*  (16) 

in  which  AB  can  be  determined  as  A  was  in  (3). 

When  N  =  82,  p  =  3.484  X  lO*,  y  =  10.21  X  lo'*,  AB  — 
0.6345;  thus  when  equilibrium  has  been  attained  at  a  speed  of 
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82  revolutions  per  second,  the  concentration  of  the  free  iodine 
at  the  outer  electrode  will  be  0.0414  normal  (sq  =  0.02  normal), 
and  that  at  the  inner  electrode  0.0130  normal,  a  ratio  of  3.18 
to  1. 00. 

IODINE,  RATE  OF  DIFFUSION. 

Regarding  the  flow  of  free  iodine  through  the  solution  (towards 
the  axis  reckoned  positive)  as  made  up  of  three  components,  the 
first  of  these,  that  due  to  differences  in  iodine  concentration, 
may  be  set 

Iodine-concentration   component   ==   ^'  o~  ^^7^ 

[Brunner's  experiments  (Zeit.  phys.  Chem.  58  22-28  (1907))  seem  to 
show  that  K  is  about  ^  Ar  =  97  X  10  ";  two  direct  measurements  made 
here  by  Mr.  Pirie,  gave  10.4  X  10  *^  and  11.6  X  10  *'.  In  the  computations 
10  X   10  '^  is  used.] 

where  K  is  the  diffusion  constant  of  free  iodine  in  approximately 
normal  potassium  iodide.  The  second,  due  to  centrifugal  force, 
may  be  set  (as  in  equation  5) 

Centrifugal   component   =   — 2Kyxw  (18) 

the  third  is  then  determined,  since  at  equilibrium  the  total  flow 
is  zero, 

Iodide-concentration  component  =  2Kyxw  —  K-^ — at  equil. 

.  w    3  2 

The  differential  equation  for  the  free  iodine  is  therefore 

3w  9    i  ,,9w  ,,  ,,  w    dz 


~3i 


d     f  r-dw  w    dz\  .    , 


the  boundary  and  initial  conditions  being 

(at  X  =  r  and  x  =  R)  ^—  —  2yxw ^~  =  o      (21) 

[at  t  =:  o]  w  =  Wo  for  all  values  of  x  from  r  to  R    (22) 
A  solution  which  fits  the  conditions  of  Tdlnian*s  experiments 
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may  be  obtained  by  writing  Sq  for  s  in  (20)  and  (21)  and  replac- 

ing   >i— by  its  value  from  (12),  viz.,  2PzqX,    Equation  (20)  then 

becomes 

9w  9     i  ,,3w 


dt  3x 


(k^-^  2K{§  +  y)xw)  (23) 

which  is  the  same  in  form  as  (7).  Expressions  for  w  at  x^=^r 
and  at  x^=R  valid  for  small  values  of  Kt/l^  may  therefore  be 
obtained  by  substituting  K  for  k,  w  for  z,  and  P-\-y  for  p  in  (13) 
and  (14). 

ELECTROMOTIVE  FORCE  OF  THE  CONCENTRATION  CELL. 

The  net  result  of  passing  a  current  of  electricity  through  the 
tube,  so  that  the  outer  electrode  is  cathode,  is  that  for  every 
96,540  coulombs  127  grams  free  iodine  are  lost  at  the  outer 
electrode  and  gained  at  the  inner,  and  0.486  X  166  grams*  of 
potassium  iodide  are  gained  at  the  outer  and  lost  at  the  inner 
electrode.  Writing  Z^  ,  Z^  for  the  concentrations  of  the  potas- 
sium iodide  at  the  outer  and  inner  electrodes  respectively,  W f^  and 
W ^  for  those  of  the  free  iodine,  and  assuming  that  the  iodide 
is  78  percent  dissociated,  the  E.M.F.  at  20**  C.  due  to  the  con- 
centration difference  will  be 

W^Zr 
E.M.F,  =  o  oooopp  X  2pj  X  log^Q "  —  0.000/pS  X  2pj 

X  o  486  y.  1.78  X  /(T^io  -T-  ^^^^^  (24) 

=■-  0,0126  log  nat  — ^    —  ^'^344  log  nat  —^  volts.     (25) 

Wr  Zr 

When  the  difference  between  Z^  and  z^  does  not  exceed  one 
percent  or  so,  log  nat  Z^  may  be  replaced  by  the  right  hand 
member  of  equation  (14),  and  similarly  with  the  other  loga- 
rithms ;  this  gives 

EM  F  =(R  +  r){o  0284P  +^V kt  --  o.o776p\  ki)     (26) 

or,  inserting  the  values  of  R,  r,  P,  y,  K  and  k 

BM.F.  =  1.034  X  lO'^"^ NH^T volts  (27) 

*o.486  is  the  transport  number  of  the  cation  in  potassium  iodide  solution. 
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The  following  table  gives  the  gain  or  loss  at  each  electrode  in 
percents  of  the  initial  concentration,  and  the  resulting  E.M.F.  in 
millivolts,  for  Tolman's  three  experiments  with  potassium  iodide 
and  iodine;  on  the  assumption  that  in  each  case  the  salt  was 
evenly  distributed  throughout  the  solution  before  rotation  began. 


Sec. 

Iodine 

Iodide 

B.  M.  P. 

N 

Inner 
Percent 

Outer 
Percent 

Inner 
Percent 

Outer 
Percent 

MilllTolU 

62 

76 
82 

150 

210 

60 

—  0.087 

—  0.154 

—  0.096 

-f- 0.144 
+  0.256 
-f  0.159 

—  0.025 

—  0.044 

—  0.028 

-1- 0.041 
-h  0.074 
-h  0.046 

0.0049 
0.0087 
0.0054 

After  running  for  fifteen  minutes  at  82  rev.  per  sec  there 
would  be  a  difference  of  one  percent  between  the  concentrations 
of  the  iodine  at  the  two  electrodes ;  but  even  then,  owing  to  the 
simultaneous  changes  in  concentration  of  the  iodide,  the  E.M.F. 
would  not  reach  0.021  millivolt. 

The  University  of  Toronto, 
February,  igi2. 
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HYPERBASIS. 


The  importance  of  hyperbasis  (Ueberschreitungserschcinungen) 
in  bringing  about  thermodynamically  "improbable"  reactions  at 
the  electrodes  is  now  generally  recognized,  and  at  the  request 
of  the  Board  of  Directors  of  the  Society  the  illustrated  lecture 
at  the  present  meeting  is  devoted  to  this  subject.  It  is  hoped 
that  the  following  notes  may  make  it  easy  for  those  who  are 
interested  to  repeat  some  of  the  experiments  shown. 


APPAR-^TUS. 

I.  Projection  Cell.  Ahhough  lantern  cells  ("hollow  slides") 
may  be  obtained  commercially,  ihey  are  often  of  the  wrong  shape 
or  size  for  some  special  experiment.  Moreover,  many  cells  on 
the  market  will  not  stand  rapid  changes  of  temperature.  The 
cell  described  below  is  free  from  this  objection,  and  can  be  easily 
made  or  modified  in  a  few  minutes. 

A  glass  rod  is  bent  into  a  U  and  covered  with  a  rubber  tube 
(A,  Fig.  t).  Near  the  shorter  arm  is  a  second  rod,  B,  also 
covered  with  rubber  tubing.  These  are  clamped,  as  shown, 
between  two  glass  plates  by  means  of  four  strips  of  wood  (1,5 
cm.  square).  C  and  D,  bolted  tf^ether  at  the  ends.  Hot  or  cold 
water,  or  both,  may  be  led  through  the  tubes,  E  and  P,  the  over- 
flow running  down  between  A  and  B  and  being  caught  in  tlic 
rectangular  tin  tray,  G,  on  which  the  lower  pair  of  wooden  strips 
rest  and  which  serves  as  a  stand  for  the  cell.  This  cell  may  be 
made  double  (see  Exp.  IV)  by  clamping,  between  the  same 
wooden  strips,  a  duplicate  cell,  in  the  reverse  position,  to  the 
right  of  the  cell  shown  in  the  diagram.  The  overflows  arc  thus 
both  on  the  outside,  and  do  not  lake  up  valuable  space  in  the 
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EXPERIMENTS. 

/.  Absence  of  Supersaluration  in  Solulwns  cxf  Liquids  in 
Liquids.  A  good  lecture  experiment  to  illustrate  this  point  may 
be  made  with  a  mixture  of  phenol  and  water.  A  flat  capillary 
tube  containing  water,  shaken  up  with  about  20  percent  by  volume 
of  phenol,  is  placed  alongside  the  projection  thermometer  in  the 
lantern  cell.  When  the  temperature  is  gradually  raised  and 
lowered  the  tube  becomes  suddenly  transparent  and  opaque  alter- 
nately, at  practically  the  same  temperature,  as  the  saturation 
point  is  passed.  The  capillary  tube  sliould  be  about  3  mm.  wide 
by  0.5  mm.  thick,  inside  dimensions.  Such  tubes  may  be  made 
by  flattening  a  bulb  with  a  pair  of  tongs,  reheating,  and  pulling 
out. 

The  difficulty  of  obtaining  supersaturated  solutions  of  liquids 
in  liquids  has  been  noted  by  several  observers  (Rothmund,' 
Fiichtbauer,'  Fawcett^).  Fuchtbauer  suggests  that  dust  particles, 
which  are  probably  amorphous,  act  as  nuclei  for  liquids  and  not 
for  crystalline  substances.  He  himself,  however,  obscr\ed  that 
purification  of  the  liquid  made  very  little,  if  any,  difference. 
Fawcett  obtained  similar  results.  It  is  possible  that  Ihe  cause 
of  the  small  degree  of  supers  at  11  ration  of  liquids  is  connected 
with  the  comparatively  small  surface  tension  of  the  interface 
between  liquid  and  liquid.  At  any  rate,  the  following  calcula- 
tions in  two  typical  cases,  for  which  data  are  available,  are  of 
interest.  Taking  the  surface  energy  of  the  interface  gypsum- 
saturaled  solution  as  550  ergs  per  sq.  cm.,*  and  assuming  arbi- 
trarily the  radius  of  the  particles  initially  formed  to  be  15  ^ 
(0.0000015  cm.),"  a  simple  calculation  shows  that,  for  equilibrium, 
the  solution  would  have  to  be  about  six  times  as  strong  as  the 
normally  saturated  solution.  This  is  probably  well  beyond  the 
limit  of  supersatu ration  actually  reli^able.  On  the  other  hand, 
in  the  case  of  jsobutyric  acid  and  water,  the  surface  energy  of 
whose  interface  is  1.76  ergs,  particles  of  the  acid  with  a  radiwj 
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of  15  >i/i  would  be  in  equilibrium  with  a  solution  only  0.8  percent 
stronger  than  the  normally  saturated  solution.  At  the  ordinary 
temperature  this  corresponds  to  a  change  of  temperature  of  about 
0.5°."  Since  it  is  very  difficult  to  determine  accurately  the 
temperatures  at  which  turbidity  appears  and  disappears — the 
identity  of  which  is  the  usual  criterion  for  absence  of  super- 
saturation — a  difference  of  this  order  of  magnitude  might  easily 
escape  observation. 

//.  Superheating  of  Liquids.  It  is  very  easy  to  superheat 
liquids  in  small,  clean  tubes.  When  a  Hquid  begins  to  boil,  the 
ebullition  usually  takes  place  quite  locally,  either  at  a  few  fixed 
points  on  the  walls  of  the  vessel  or  from  particles  suspended  in 
the  liquid  from  which  streams  of  bubbles  may  be  seen  rising.  The 
smaller  the  vessel  and  the  smaller  the  volume  of  the  liquid  the 
less  is  the  chance  of  the  presence  of  these  starting-points  for 
bubbles.  It  appears,  moreover,  that  there  is  a  gradation  in  the 
effectiveness  of  the  nuclei  present — 1.  c,  some  will  cause  ebulli- 
tion when  ihe  liquid  is  slightly  superheated,  while  others  will 
not  become  effective  until  the  liquid  is  heated  to  a  higher  tempera- 
ture— for  the  smaller  the  tube  the  higher  is  the  temperature  to 
which  the  liquid  can  be  heated  without  boiling.  This  is  in  ac- 
cordance with  the  law  of  probability ;  the  nuclei  of  medium  effec- 
ti\'eness  are  the  most  abundant,  and  therefore,  on  decreasing  the 
size  of  the  tube,  the  most  (and  least)  effective  nuclei  are  the 
first  to  disappear.  This  may  be  shown  in  the  projection  cell  by 
gradually  heating  simultaneously  three  glass  tubes  (0.7  mm..  1.5 
mm.  and  3  mm.  internal  diameter)  half  filled  with  ether.  The 
largest  tube  may  be  heated  to  about  60°,  when  suddenly  either 
all  or  part  of  the  ether  jumps  out  of  the  tube.  In  the  second  tube 
the  ether  does  not  explode  until  the  temperature  has  risen  many 
degrees  higher,  while  the  smallest  tube  may  often  be  heated  to 
over  QO"  without  the  hyperbasis  being  relieved,  although  the 
ether  may  be  seen  to  be  evaporating  with  great  rapidity  at  the 
free  surface. 

The  effect  of  the  insertion  of  a  fine  capillary  tube,  open  at  the 
lower  end.  may  be  shown  in  the  larger  tube  of  ether,  superheated 
to  about  50°.  Also  the  effect  of  a  grain  of  pipe  clay  and  of  a 
platinum  wire  may  be  demonstrated  in  the  same  tube.    The  latter 
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causes  a  temporary  disturbance,  but  generally  loses  its  effective- 
ness after  a  few  seconds. 

It  is  interesting  to  note  that,  if  the  same  assumption  be  made 
as  in  the  previous  experiment  as  to  the  initial  size  of  the  bubbles 
(15  nn),  and  if  the  surface  energy  of  ether  at  90°  is  taken  as 
9  ergs,'  a  calculation  of  the  pressure  in  ihe  bubbles  gives  a  value 
of  about  12.5  atmospheres.  This  corresponds  to  a  temperature 
of  about  130°  (extrapolated). 

///.  Linear  Rate  of  Crystallisalian.  The  relation  between  tem- 
perature and  linear  rate  of  crystallisation  may  be  showm  with 
melted  vanillin.  A  thin-walled  capillary  tube  about  i  mm.  in 
diameter  containing  solidified  vanillin  is  immersed  in  the  projec- 
tion cell  to  within  about  3  cm.  of  the  bottom,  and  boiling  water 
run  through  the  cell.  This  melts  all  the  vanillin  below  the  sur- 
face of  the  water,  but  leaves  a  quantity  of  unmelted  solid  in 
the  upper  end  of  the  tube.  The  water  is  then  cooled  to  about 
75°,  and  the  tube  pushed  down  further  into  the  cell  and  held  in 
position  against  the  thermometer  scale  with  a  cork  wedge.  At 
the  same  time  the  second  penduium  described  in  paragraph  4  is 
set  in  motion.  The  rate  of  crj'stallisation  is  measured  by  the 
number  of  marks  on  the  thermometer  traversed  by  the  edge  of 
the  solid  during  20  seconds.  The  temperature  of  the  cell  is 
lowered  by  about  5°  at  a  time,  and  successive  readings  of  rate 
and  temperature  are  taken  as  the  crystallisation  proceeds.  If 
the  lantern  has  a  vertical  attachment  the  relation  between  rate 
and  temperature  may  be  plotted  on  smoked  glass  and  shown  on 
the  screen  after  each  measurement.  By  timing  the  intervals 
properly,  a  complete  curve  showing  the  initial  increase  in  rate 
below  the  melting  poiut,  the  interval  of  constant  rate,  and  the 
final  decrease  in  rate  with  falling  temperature,  may  be  plotted 
on  the  glass  before  the  crystallisation  has  reached  the  end  of  the 
tube,  The  measurements  cannot  be  made  below  about  37°,  since 
spontaneous  crystallisation  from  nuclei  begins  at  this  temperature. 

IV.  Nuclei  and  Crystallisation .  The  relation  between  the 
number  of  nuclei  and  the  temperature  and  duration  of  super- 
cooling may  be  shown  by  Tammann's  "exposure  and  develop- 
ment" method.*     A  double  projecting  cell  is  used,  each  section 
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of  which  may  be  heated  and  cooled  rapidly.  Vanillin  (MP  = 
8i**)  is  the  most  satisfactory  substance  to  use  for  these  experi- 
ments. A  flattened  capillary  tube,  about  2  mm.  x  0.5  mm.  inside 
dimensions,  is  filled  with  vanillin,  melted  in  one  side  of  the  cell 
in  boiling  water,  quickly  transferred  to  the  other  half  of  the  cell, 
at  (say)  20**,  and  "exposed"  for  a  definite  number  of  seconds 
(say  5),  as  shown  by  the  shadow  of  the  pendulum,  and  finally 
put  back  quickly  into  the  first  cell,  which  in  the  meantime  has 
been  cooled  to  a  suitable  "development"  temperature  (60®).  It 
is  easier  to  count  the  nuclei  if  the  tube  is  put  back  into  the  cold 
half  of  the  cell  immediately  they  begin  to  appear ;  this  checks  the 
otherwise  too  rapid  growth.  The  temperature  and  time  of 
exposure  may,  of  course,  be  varied. 

For  these  experiments  it  is  convenient  to  arrange  the  four 
tubes  conducting  hot  and  cold  water  to  the  two  halves  of  the  cell 
so  that  they  pass  through  four  spring  pinch-cocks,  fixed  in  a  row 
on  a  board.  By  this  means  the  temperatures  of  the  two  parts  of 
the  cell  may  be  controlled  by  the  four  fingers  of  one  hand,  thus 
leaving  the  other  hand  free  to  manipulate  the  capillary  tube. 

Chemical  Laboratory, 
University  of  Toronto. 
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